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ABSTRACT
Design of low volume roads and unsurfaced pavements traditionally involves covering the
prepared subgrade with an unbound aggregate layer of sufficient thickness such that
traffic-induced wheel loads are adequately distributed and stresses on the subgrade can be
tolerated. Aggregate gradation and field-density requirements are commonly the only
considerations for constructing “acceptable” aggregate cover layers. Aggregate quality aspects
and properties are not considered in detail while selecting aggregate sources often with the lowest
material hauling and transportation costs. This approach based solely on economic considerations
may result in the selection of locally available poor quality material for routine use as the primary
pavement load bearing layer. The primary objective of this PhD research was to evaluate
individual effects of selected aggregate physical properties (test factors), such as particle shape,
texture and angularity, type and amount of fines, and compaction (moisture-density) conditions
on the response and performance of unsurfaced pavements.
Three different aggregate types, namely crushed limestone, crushed dolomite and uncrushed
gravel were selected to first quantify the effects of individual test factors on aggregate shear
strength, permanent deformation and directional modulus characteristics through a controlled
laboratory test matrix. Laboratory test results showed that the effects of individual test factors
on aggregate behavior changed significantly depending on the levels assigned to other test factors.
Crushed aggregates showed consistently higher shear strength and modulus, and lower permanent
deformations due to improved particle interlock when compared to the uncrushed gravel. The
effect of type of fines on aggregate behavior was erratic at low fines contents, and was more
pronounced when the fines fraction occupied a significant proportion of the voids in the aggregate
matrix. Plastic fines when combined with excessive moisture, were found to destroy the
inter-particle load transfer in the aggregate matrix, thus inducing excessive deformations under
loading leading to specimen failure. The concept of anisotropic modulus ratio, an indicator of
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compaction induced anisotropy in aggregates, was successfully applied as a material quality
indicator for predicting unbound aggregate behavior.
Important findings from laboratory testing of aggregates served as the basis for material
selection and thickness design of full-scale unsurfaced pavement sections for accelerated testing.
Five different test “cells” were constructed at different combinations of aggregate material quality
and engineered subgrade strength, and were tested to failure using an Accelerated Transportation
Loading Assembly (ATLAS) under near-optimum and flooded aggregate moisture conditions.
Test section performances under simulated traffic loading were monitored through surface profile
measurements and transverse scanning with Ground Penetrating Radar (GPR) for assessment of
subsurface deformations. Transverse trenches were subsequently excavated for visual identification
of different mechanisms contributing to pavement failure. The use of non-destructive field
modulus measurement techniques was pursued to establish their applicability as means of
identifying anomalies in construction quality. Earth pressure cells were installed on top of the
subgrade at the aggregate-subgrade interface to evaluate the effects of aggregate material type
and quality on the dissipation of traffic-induced stresses within the aggregate layer. Depending on
the type and quality of aggregates used, internal shear movement of the aggregate layer or
subgrade deformation was found to be the primary mechanism contributing to pavement failure.
Recommendations regarding the material selection and construction practices for unsurfaced
pavements were finally presented to ensure improved performance of such pavement systems.
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Based on the nature of stress and deflection transfer between its layers, a pavement structure can
be categorized as flexible, rigid, or composite [1, 2]. A flexible pavement involves the transmission
of uniform stresses and non-uniform deflections between layers, whereas a rigid pavement is
idealized by the downward transmission of uniform deflections and non-uniform stresses [2].
Several different material and layer combinations can be used by engineers to build a pavement
structure that facilitates safe, reliable, and comfortable movement of traffic without undergoing
excessive damage. Among the materials used to build pavement surface layers, Hot Mix Asphalt
(HMA) and Portland Cement Concrete (PCC) are the most common. Owing to the general
behavior of these two materials under loading, pavements constructed with HMA are usually
categorized as “flexible” whereas those built with PCC are called “rigid”.
A conventional flexible pavement structure consists of an HMA surface layer with one or more
layers of unbound aggregates set on top of the subgrade. Rigid pavements, on the other hand
comprise a PCC slab on top of the subgrade with or without the intermediate unbound aggregate
layers. Composite pavement structures consist of both HMA and PCC layers in different possible
configurations. The thickness and order of layers in each of the different pavement types are
governed by their structural and functional demands. Figure 1.1 shows a variety of layer
configurations commonly used in pavement structures [3].
1.1 Unsurfaced Pavements and Construction Platforms
Besides the above mentioned pavement types with bound surface layers, “unsurfaced pavements”
or “unpaved roads” constitute a major portion of the road network in any country. In the United
States (US), over 1.6 million miles of unpaved roads (53 % of all roads) were reported in the year
2000 [4]. Moreover, in “under-developed” to “developing” countries, unsurfaced pavements
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Figure 1.1: Typical Pavement System Configurations [3]
account for an even larger proportion in the total number of road miles. These roads (also
referred to as “gravel roads” or “dirt roads”) are often constructed by direct placement of an
unbound granular layer (UGL) on top of the subgrade, and generally carry local traffic between
rural lands and villages besides providing connecting links between paved roads. The surface of
such a pavement is given a relatively smooth finish through adequate compaction of the UGL.
The absence of stronger bound surface layers in these pavements results in direct load application
on the UGL. In certain cases, a thin bituminous seal is applied on top of the UGL to prevent
material attrition, as well as to provide insulation against surface water infiltration. In either
configuration, the UGL functions as the primary load bearing component [5].
Another common instance of direct traffic loading on the UGL is observed in pavement working
platforms constructed to ensure adequate subgrade stability. Subgrade stability refers to the
strength and deformation characteristics of subgrade soils that impact pavement construction
activities [6]. For both the short-term and long-term stability requirements, the following are the
guidelines [7]:
• The subgrade should be “stable” enough to prevent excessive rutting and shoving during
construction;
• The subgrade should provide a sound “platform” for the placement and compaction of
overlying layers; and
• The subgrade should be “stiff” enough to limit permanent deformation accumulation during
the pavement service life.
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In areas with soft unstable soils inadequate to support heavy construction equipment, a
“construction platform” often needs to be built. These layers are usually constructed by
“capping” the soft subgrade with an unbound granular layer. Besides providing sufficient support
for equipment mobility and paving operations, these layers also provide a stable foundation for
compaction of overlying layers. Similar to unpaved roads, the UGL in a construction platform is
subjected to very high stress levels from heavy construction equipment.
1.2 Unbound Granular Layer Functionality
The primary functionality of an UGL as the base course or subbase in a conventional pavement
system involves spreading the traffic induced stresses through particle to particle load
transmission at the contact points [8]. The lateral stress dissipation and resulting reduction with
depth protects the subgrade (weakest layer) from overloading, and excessive deformations. For
unsurfaced pavements and construction platforms characterized by direct application of heavy
loads on the UGL, the layer should be thick enough to achieve sufficient stress reduction at the
subgrade level. Moreover, the aggregate layer must have adequate resistance to prevent internal
shear failure. One additional requirement for unsurfaced pavement applications is that the
aggregate material must be cohesive enough to prevent material loss through attrition [4, 8].
Fluctuating oil prices in recent years have magnified the importance of unbound granular layers
functioning as the primary load bearing structural components in pavements. High price of crude
oil and high maintenance costs associated with paved roads have forced several transportation
agencies to build more unsurfaced pavements along low volume routes [4]. To function adequately
and facilitate smooth movement of traffic over these pavements, the UGL must be designed for
adequate structural capacity.
1.3 Problem Statement
Most methods used for thickness design of unsurfaced pavements and construction platforms are
based on subgrade strength as the primary input. Some indicator of subgrade (shear) strength is
used in empirically developed equations to determine the UGL thickness. “Subgrade protection”
is the primary underlying principle behind most of these “recipe” approaches that do not consider
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aggregate material quality while recommending the UGL design thickness.
For construction platform applications in the US, the aggregate cover thickness is mostly
determined as a function of the subgrade shear strength or unconfined compressive strength (Qu)
[6]. Similarly, pavement foundation specifications traditionally used in other countries like the
Netherlands and United Kingdom (until recently) are based on the California Bearing Ratio
(CBR) of the subgrade soil as an indicator of shear strength. These approaches do not consider
the effects of different aggregate properties affecting its behavior while recommending UGL design
thicknesses. The use of a wide range of aggregate materials for constructing these layers often
leads to unpredictable behavior under loading. Depending on the quality of the aggregate
material, a recipe approach may lead to failure of the subgrade from excessive stress levels, or
internal shear failure of the UGL. On the other hand, these methods may sometimes lead to
overdesigning when “good quality” aggregate material is available.
The performances of unbound granular layers are greatly influenced by different aggregate
properties, namely: particle shape, texture, and angularity, type and amount of fines, moisture
content, and moisture-density or compaction conditions. Although several research studies have
focussed on evaluating the effect of one or more of these factors on aggregate performance, no
study has explored the combined effect of all these factors in a factorial experimental design
[9, 10, 11, 12]. Quantification of the relative effects of individual aggregate physical properties
influencing performance would greatly aid safe and economical design of unbound granular layers
in pavements. This is particularly important for unsurfaced pavements where the UGL is the
primary structural component.
As state and federal agency specifications often allow for a wide variety of aggregate materials
to be used in pavement applications, it is important to evaluate the effects of different aggregate
physical properties on UGL performance. In states like Illinois, a common aggregate specification
is often used for different pavement applications. An experimental study aimed at quantifying the
effects of different aggregate physical properties on behavior will therefore impact the design and
construction all pavement structures significantly.
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1.4 Research Objective
The primary objective of this PhD research was to evaluate individual effects of selected aggregate
physical properties, such as particle shape, texture and angularity, type and amount of fines, and
compaction (moisture-density) conditions on the response and performance of unsurfaced
pavement systems using particle size distribution (gradation) as the primary control parameter,
and thereby develop guidelines for “adequate” material selection and construction practices.
1.5 Research Scope
The research work conducted under the scope of this PhD study comprised two distinct phases,
namely: (1) Laboratory experimentation, and (2) accelerated testing of full-scale unsurfaced
pavement sections. The primary tasks associated with each of the two phases, and the research
approach adopted to accomplish these tasks are listed below.
1.5.1 Laboratory Experimentation
Tasks:
1. Identify and select important aggregate physical properties affecting behavior to be studied
in the laboratory.
2. Develop a database of aggregate shear strength, permanent deformation and resilient
modulus test results through completion of a laboratory test matrix at different
combinations of selected aggregate properties.
3. Statistically analyze the laboratory database to evaluate the significance of individual
aggregate properties affecting strength, permanent deformation and resilient modulus
behavior and thus impacting material characterization models.
4. Evaluate the effects of aggregate physical properties, and compactive effort on directional
dependency (anisotropy) of unbound aggregate resilient response and modulus




Based on an extensive review of technical literature, the following aggregate physical properties
(test factors) were identified as most significant in governing UGL behavior: (1) particle shape,
surface texture, and angularity, (2) type and amount of fines, and (3) compaction
(moisture-density) conditions. Another factor, identified as critical in governing UGL
performance was gradation or particle size distribution. To single out and evaluate individual
effects of the selected test factors on UGL behavior, it was decided to use particle size
distribution as the primary control parameter for conducting the laboratory experiments.
Two types of crushed stones (limestone and dolomite) and an uncrushed river gravel often used
in pavement applications throughout state of Illinois were selected for laboratory characterization.
A laboratory test matrix was designed to characterize the (shear) strength, permanent
deformation, and resilient modulus behavior of the above aggregate types under factorial
combinations of aggregate shape (including flatness and elongation, texture and angularity), type
of fines (plastic and nonplastic), amount of fines (ranging in increments from low to high), and
moisture content (in relation to the optimum compaction conditions). Ranges for the above test
factors were established considering allowable limits specified by different transportation agencies.
Commonly used material characterization models to predict the resilient modulus and
permanent deformation behavior of unbound granular materials were fitted to the laboratory test
results. Analyses of Variance (ANOVA) were conducted to identify the significance of aggregate
physical properties affecting material characterization model parameters.
Applicability of aggregate anisotropic modulus ratios as quality indicators for unbound
granular materials was evaluated through analyses of the directional modulus test results. The
anisotropic modulus ratio was defined as the ratio of resilient modulus values determined from
independent pulsing in the horizontal and vertical directions (Modulus Ratio = MRh/MRv).
Possible changes in anisotropic modulus ratio values as a function of compaction level were
investigated through repeated load triaxial testing of aggregate specimens compacted using the
standard [13] as well as modified [14] efforts.
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1.5.2 Accelerated Testing of Full-Scale Unsurfaced Pavement Sections
Tasks:
1. Synthesize important findings from the laboratory testing of aggregates to select different
aggregate types for use in construction of full-scale unsurfaced pavement sections and verify
the laboratory test results through accelerated pavement testing.
2. Characterize the selected aggregate types in the laboratory for (shear) strength, resilient
modulus and permanent deformation behavior.
3. Conduct Finite Element (FE) based pavement analyses of the layered pavement systems for
thickness design of unsurfaced pavement sections, and use the vertical deviator stress on top
of the subgrade as a critical pavement response parameter to evaluate effects of aggregate
quality on subgrade rutting potential.
4. Construct full-scale unsurfaced pavement test sections using different aggregate types over
an engineered subgrade of controlled strength for accelerated pavement testing and
performance monitoring.
5. Perform accelerated testing of field sections with an Accelerated Transportation Loading
Assembly (ATLAS) and use “rut depth” to measure and quantify pavement performance.
6. Use non-destructive field modulus measurement and subsurface visualization techniques for
construction quality assurance and pavement performance assessment.
Research Approach:
Based on important findings from the laboratory testing of aggregates, four different aggregate
types were selected representing different combinations of the test factors, for construction of
full-scale unsurfaced test sections. These aggregate types were subsequently characterized in the
laboratory for shear strength, permanent deformation, and resilient modulus behaviors.
Nonlinear, stress dependent material characterization model parameters determined from
laboratory testing of aggregates at different test factor combinations were used in a Finite
Element (FE) pavement analysis program to calculate the critical pavement response values for
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typical unsurfaced pavement sections under wheel loading. Unsurfaced pavement sections
constructed using aggregates at different combinations of the test factors were analyzed, and
subgrade rutting potential was evaluated using the concept of Subgrade Stress Ratio (SSR).
Failure of unsurfaced pavements through subgrade deformation was distinguished from that due
to internal shear movement of the unbound granular layer, through combined analyses of the SSR
values and results from laboratory testing of aggregates. Based on the analysis results, three
different unsurfaced pavement configurations were selected for construction and accelerated
pavement testing to verify results from the laboratory phase of the research study.
Important findings from the laboratory phase of the research regarding individual effects of the
test factors on aggregate behavior were verified through accelerated testing of full-scale
unsurfaced pavement sections. Five different test “cells” were constructed at the University of
Illinois Advanced Transportation Research and Engineering Laboratory (ATREL) representing
different combinations of aggregate quality and subgrade strength. The pavement sections were
constructed over a subgrade of controlled CBR to simulate “weak” subgrade conditions often
encountered in unsurfaced pavement construction.
The full-scale unsurfaced pavement sections were loaded using an Accelerated Transportation
Loading Assembly (ATLAS) to assess the effects of aggregate quality on pavement performance.
Each test cell was loaded up to a maximum of 1,000 applications of a 44.5 kN (10,000 lb) single
wheel load at a tire pressure of 758 kPa (110 psi) and performance was monitored through surface
profile measurements after different number of load applications. The effect of moisture
conditions on unsurfaced pavement performance was studied by loading each cell along two wheel
paths separated by a distance of 2.4 m (8 ft.). Earth pressure cells were installed on top of the
subgrade at the aggregate-subgrade interface to monitor the vertical subgrade stress levels under
loading, and evaluate the effects of aggregate material type and quality on the degree of stress
dissipation achieved within the aggregate layer. Possible mechanisms contributing towards failure
of the test sections were proposed, and the hypotheses were corroborated through excavation of
transverse trenches in the test sections. Conclusions were drawn regarding the effect aggregate
quality on the failure mechanisms of unsurfaced pavement sections.
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The use of several non-destructive modulus measurement and substructure visualization
techniques was also pursued in this research study for construction quality assurance and
performance assessment of the full scale test sections. In-situ moduli of the constructed layers
were measured using a Dynatest R© Light Weight Deflectometer (LWD) (model 3031) and a
Humboldt R© Soil Stiffness Gauge (GeoGaugeTM). Tests were conducted on the engineered
subgrade as well as on the finished aggregate layer with data collected consistently from the same
locations using the two devices. Moreover, transverse scanning of the pavement sections was
conducted using Ground Penetrating Radar (GPR) to introduce an innovative application of
GPR technology in subsurface deformation assessment of unsurfaced pavement sections.
1.6 Thesis Organization
Chapter 2 of this PhD thesis presents an overview of unbound granular material properties and
behavior. Different theories developed over the years to explain the UGL behavior in pavements
are first discussed followed by commonly used material characterization models to explain
resilient as well as permanent deformation behavior of aggregates. Commonly used methods for
design of unsurfaced pavements and construction platforms are listed, and their primary features
are highlighted. Finally, common aggregate physical properties identified by researchers as
primarily responsible for governing the (shear) strength, (resilient) modulus and (permanent)
deformation behavior of unbound granular layers in pavements are summarized.
The scientific approach adopted during this research study to evaluate the effects of different
aggregate physical properties on behavior is outlined in Chapter 3. Development of a laboratory
test matrix representing different combinations of the test factors is explained along with details
on the different aggregate materials tested. The importance of using a common engineered
gradation for laboratory testing of the aggregates is emphasized, and the procedure adopted for
developing the engineered gradations is outlined. Finally, shape, texture and angularity
characteristics of the three aggregate types tested in the laboratory are quantified through
imaging based morphological indices.
Chapters 4 and 5 present findings from the laboratory testing of the selected aggregates at
different combinations of the test factors. Aggregate compaction characteristics and shear
9
strength results are presented in Chapter 4 whereas results from repeated load triaxial testing to
characterize aggregate directional modulus and permanent deformation behavior are discussed in
Chapter 5. Significant effects of test factors on strength, modulus and deformation behavior are
identified and are later used as guidelines in Chapter 6 for aggregate materials selected for
construction and testing of full-scale unsurfaced pavement sections.
Chapter 6 covers the design and construction of full-scale unsurfaced pavement sections for
accelerated pavement testing and verification of the laboratory test results. Material quality
information on the aggregates used in construction is presented along with results from different
laboratory tests conducted to characterize the (shear) strength, resilient modulus and permanent
deformation behavior of the different aggregate types. Thickness designs of the full-scale test
sections are described based on Finite Element (FE) analyses of typical unsurfaced pavement
sections, and the effects of different test factors on critical pavement response parameters are
analyzed. Finally, layout and cross-sectional details of the full-scale test sections are presented
along with procedures for subgrade preparation, instrumentation, and aggregate placement.
Chapter 7 presents details on the use of different non-destructive modulus measurement and
subsurface visualization techniques used in the current research for construction quality assurance
and performance assessment of the full-scale unsurfaced pavement sections under loading. The
effectiveness of these technologies for establishing links between material quality and field section
performance is also discussed.
Observed performance trends of full-scale test sections under loading are presented in Chapter
8. Different mechanisms contributing towards the accumulation of rutting are analyzed using
surface profile measurements, Ground Penetrating Radar (GPR) scans, as well as visual
inspection of pavement layer boundaries obtained from excavation of transverse trenches across
the wheel paths. Field-measured subgrade vertical stress levels are presented to justify the trends
observed in test section performance under loading. Results from finite element analyses of the
full-scale test sections are presented and discrepancies between the predicted and observed
behavior are justified. Finally, guidelines are presented highlighting “adequate” material selection
and construction practices to aid the design and construction of better performing unsurfaced
pavements.
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Finally, Chapter 9 summarizes important findings from this PhD research, and presents
recommendations for future research activities to better assess the effects of aggregate physical
properties on unsurfaced pavement performance and accordingly incorporate those effects into
improved designs of unsurfaced pavements.
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CHAPTER 2
OVERVIEW OF UNBOUND GRANULAR MATERIAL
CHARACTERISTICS AND LAYER BEHAVIOR
2.1 Introduction
This chapter presents an overview of unbound granular material (UGM) characteristics and layer
behavior as the primary structural component in unsurfaced pavement systems. A thorough
understanding of different approaches commonly used to model granular layer behavior in
pavements, is imperative to facilitate better design of pavement systems, and ultimately ensure
adequate performance under loading. This is particularly important in unsurfaced pavement
systems where heavy wheel loads are directly applied on top of the granular layers.
Different theories developed over the years to explain UGM behavior under loading are first
highlighted. Commonly used models to characterize the resilient as well as permanent
deformation behavior of UGMs are discussed next with a review of their primary features.
Commonly used methods for the design of unsurfaced pavements and construction platforms are
also summarized by listing their advantages and limitations. Different mechanisms contributing
to the failure of unsurfaced pavement systems are reviewed to emphasize the importance of
aggregate material quality governing unsurfaced pavement performance. Finally, common
aggregate physical properties affecting granular layer strength, modulus and permanent
deformation behavior are discussed in detail.
2.2 UGM Behavior under Repeated Loading
Unbound granular layers (UGL) in pavements are subjected to repeated load applications due to
traffic. They undergo both elastic (commonly known as resilient for pavement applications) as
well as plastic (permanent) deformations with the every load repetition. Figure 2.1 presents a
schematic of UGM behavior under repeated loading with the help of a stress-strain diagram.
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Note, that the relative magnitudes of elastic and plastic components of the total strain depend on
several different factors, i.e. traffic load levels and speed of operation, thickness and quality of
overlying pavement layers (if any), quality of aggregates used in construction of the UGL, and
subgrade conditions.
Permanent      Strain ResilientStrain
Stress
Strain
Figure 2.1: Strains in Granular Materials during One Cycle of Load Application
In a typical unbound granular layer the accumulation of permanent deformation for each load
repetition gradually decreases with increased number of load applications. Once the layer has
been well compacted to achieve a densely packed matrix, all the subsequent load applications
should ideally result in deformations that are mostly elastic in nature. The resilient and
permanent deformations of an unbound granular layer can be attributed to different mechanisms.
Werkmeister [15] summarized the Hertz contact theory, and suggested that resilient deformation
in UGMs is primarily because of deformation of individual grains, whereas permanent
deformation takes place due to relative movement of the particles with respect to each other.
Figure 2.2 shows a schematic of typical unbound granular material behavior under application
of repeated wheel loads [16]. As shown in the figure, the rate of permanent deformation
accumulation in the UGM gradually decreases, and becomes negligible beyond a certain number
of load applications (represented by the horizontal nature of the curve). The initial rapid
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accumulation of permanent deformation typically corresponds to the rearrangement of particles
during initial compaction, and subsequent loading of the pavement layers. After adequate
“shakedown” of the material is reached under this initial loading phase, the pavement layers show
predominantly resilient deformation provided that the load levels remain below permissible limits.
Permanent Deformation
Recoverable Deformation
Number of Load Applications
Deform
ation
Figure 2.2: Behavior of Unbound Granular Materials under Repeated Loading [16]
2.3 Resilient Response of Unbound Granular Materials
Ideally, pavement layer response under traffic loading should be purely elastic, and thus no
accumulation of permanent deformation should occur during its service life. Accordingly,
mechanistic-based pavement design approaches have traditionally focused on the elastic or
resilient response of unbound granular layers to predict the critical pavement responses under
traffic loading. The most important property for incorporating repeated load behavior of UGL
behavior into pavement analysis has been the “resilient modulus”. Defined as a secant modulus
representing hysteretic stress-strain behavior of materials, the resilient modulus (MR) is a critical
material input property into mechanistic-empirical (M-E) pavement design methods. Figure 2.3
shows a schematic of typical hysteretic response exhibited by unbound granular materials under
repeated loading [16].
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Figure 2.3: Resilient Modulus Defined as the Elastic Modulus of a Deformed Material [16]
As shown in Figure 2.3, the resilient modulus (MR) of a material is defined as the elastic
modulus after the material has already accumulated a certain amount of permanent deformation.
The difference between elastic or Young’s modulus (E) and the resilient modulus (MR) of a
material is clearly highlighted in the figure. Equation 2.1 can be used to determine the resilient
modulus of a material from repeated load triaxial test results. Note that in the equation, σd






2.3.1 Characterization Models for UGM Resilient Behavior
Several material characterization models have been proposed by researchers over the years to
model the resilient and permanent deformation behavior of unbound granular materials as
functions of the applied stress states and material characteristics. Some of the most commonly
used resilient modulus and permanent deformation models are discussed below.
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K-Theta Model
Originally proposed by Hicks and Monismith 1971 [17], the K-θ model is the most commonly used
model relating the resilient modulus and applied stress states for unbound granular materials.
This model expresses the resilient modulus of unbound granular materials as a function of the
stress states using the bulk stress or first stress invariant.
MR = Kθ
n (2.2)
where MRis the resilient modulus; θ is the bulk stress or first stress invariant (θ = σ1 + σ2 + σ3);
K and n are model parameters usually determined through linear regression of laboratory
experimental data. Rada and Witczak [18] reported an inverse power relationship
(logK = 4.657− 1.807n) between K and n, where an increase in the ‘K’ parameter was often
accompanied by a reduction in the ‘n’ parameter. In their comprehensive study of granular
material MRtest results Rada and Witczak reported higher K values of the K-θ model for “higher
quality” granular materials such as crushed stone. Although the K-θ model can adequately
represent the stress-hardening behavior of coarse grained aggregates, it cannot account for the
stress-softening behavior observed in fine-grained soils. Moreover, the K-θ model does not
account for effects of shear stresses imposed, particularly for low stress ratios σ1/σ3 applied
during initial stages of resilient modulus testing [19, 20].
Uzan Model
Uzan in 1985 [19] proposed an improvement to the K-θ model by incorporating the shear stress
(deviator stress in case of repeated load triaxial testing) level into MRprediction models.
Equation 2.3 shows the formulation of the resilient modulus model proposed by Uzan [19].
MR = k1θ
k2σk3d (2.3)
where MRis the resilient modulus; θ is the bulk stress or first stress invariant (θ = σ1 + σ2 + σ3);
σd is the deviator stress (σd = σ1 − σ3); k1, k2, and k3 are model parameters usually determined
from multiple linear regression of laboratory experimental data. Due to its ability to handle shear
stress-strain effects, the Uzan model adequately models unbound granular material behavior
during analyses of layered pavement structures [21]. However, the Uzan model cannot account for
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the effects of three-dimensional (3-D) stress states in an unbound granular layer.
Modified Uzan Model
Witczak and Uzan in 1988 [22] modified the Uzan model to replace the deviator stress (σd) term
in Equation 2.3 by the octahedral shear stress term. Equation 2.4 shows the modified Uzan model













where: MRis the resilient modulus; θ is the bulk stress or first stress invariant (θ = σ1 + σ2 + σ3);




(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2); pa is the
atmospheric pressure (101.3 kPa, or 14.7 psi); k1, k2 and k3 are model parameters determined
through multiple linear regression of laboratory experimental data. By considering octahedral
shear stress in place of the deviator stress as in the original Uzan model, the modified Uzan
model can account for dilative behavior shown by unbound granular materials at extreme stress
ratios (σ1/σ3) [21]. Moreover, incorporating the octahedral shear stress term (τoct) into the
resilient modulus formulation, this model can adequately account for 3-D stress states in a
pavement layer. Kim and Tutumluer used the modified Uzan model to simulate nonlinear three




The MEPDG model used in the new Mechanistic-Empirical Pavement Design Guide [24], is
similar to the modified Uzan model and considers both the bulk stress and octahedral shear stress
terms to account for both the stress hardening and stress-softening behavior of pavement










where MRis the resilient modulus; θ is the bulk stress or first stress invariant (θ = σ1 + σ2 + σ3);




(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2); pa is the
atmospheric pressure (101.3 kPa, or 14.7 psi); and k1, k2 and k3 are model parameters
determined through multiple linear regression of experimental data. In Equation 2.5, the first
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term (θ/pa) accounts for the stress-hardening behavior of pavement geomaterials (particularly
coarse-grained particles), and therefore, the k2 parameter typically takes non-negative values
(k2 ≥ 0). Similarly, the second term (τoct + 1) captures the stress-softening behavior of
fine-grained soils (subgrade). Accordingly, the k3 values are typically less than zero (k3 ≤ 0).
Note that the ‘+1’ term in Equation 2.5 was added to ensure that the (τoct/pa) term does not
take values less than unity (< 1) which would ultimately lead to nonlinear convergence problems
during finite element (FE) analyses of pavement systems.
Conducting regression analyses of resilient modulus test results from the Long Term Pavement
Performance (LTPP) database, Yau and Von Quintus [25] reported typical values for the k1, k2,
and k3 model parameters in Equation 2.5. Analyzing results from 1920 different resilient modulus
tests, they reported that the values of k1, k2, and k3 ranged between 0 to 3, 0 to 1.5, and 0 to -7,
respectively. Table 2.1 lists typical mean and median values of the above model parameters as
reported by Yau and Von Quintus [25]. In Table 2.1, the median value for k2 decreases as the
amount of fines in the material/soil increases. Similarly, the median value for k3 becomes more
negative as the material/soil becomes more fine-grained. They also reported zero values for the k3
parameter for approximately 25 percent of the MRtests for unbound aggregate base/subbase
materials and 10 percent of the tests for coarse-grained subgrade soils.
Table 2.1: Summary of the Mean and Median Values for MEPDG Model Parameters [25]
Model Unbound Base- Coarse-Grained Fine-Grained
Parameter Subbase Materials Soils Soils
Mean Median Mean Median Mean Median
k1 0.873 0.853 0.802 0.764 0.896 0.804
k2 0.626 0.628 0.452 0.446 0.282 0.243
k3 -0.170 -0.129 -1.140 -1.052 -1.576 -1.399
Among the above listed resilient modulus models, the K-θ model and the MEPDG models were
selected and used in this research study to conduct statistical analyses of different aggregate
physical properties affecting material characterization model parameters (see Chapter 5) and
thickness design of typical unsurfaced pavement structures using finite element analyses (see
Chapter 6).
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2.4 Permanent Deformation Response of Unbound Granular Materials
Permanent deformation in pavement geomaterials is represented by the non-recoverable or plastic
strain accumulation under repeated loading as shown in Figure 2.1. The plastic strain
accumulation in pavement layers is a result of large number of load applications on the pavement
structure exposing the layers to stresses of magnitude well below their failure stress levels. For
conventional pavement structures, these stress magnitudes are often only a fraction of the
geomaterial shear strength. However, for unsurfaced pavements and pavement construction
platforms characterized by direct application of heavy loads on the unbound granular layers,
these stress levels may approach the material shear strength.
The development of plastic strains in pavement geomaterials is a result of primarily two
contributing mechanisms, namely: consolidation (reduction in volume), and plastic flow (particle
re-arrangement). These two mechanisms are graphically illustrated in Figure 2.4 [26]. While
consolidation is the primary contributing mechanism for permanent deformation of subgrade
soils, plastic flow accounts for most permanent strain accumulation in granular aggregates. Note
that the rate of plastic flow in an unbound granular layer is primarily dependent on the ratio of
the applied stress levels to the shear strength of the material [26, 27]. Note that shear flow in
unbound granular layers can be considered to be an extreme case of the plastic flow shown in
Figure 2.4(b).
Figure 2.4: Mechanisms for Permanent Deformation Accumulation in Pavement Geomaterials [26]
Another theory used to describe UGM permanent deformation behavior is based on the
“shakedown” concept. Originally developed to analyze the behavior of pressure vessels to cyclic
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thermal loading, the shakedown theory has been extended by researchers to study permanent
deformation accumulation in unbound granular layers [28, 29, 30, 31, 32, 33]. This theory divides
the stress-strain response of materials under repeated loading into different regimes based on the
magnitude of the applied stress levels with respect to certain material specific threshold values.
Werkmeister et al. [31] studied the applicability of shakedown theory to unbound granular
materials through repeated load triaxial testing of crushed aggregates and grouped the behavior
of unbound granular materials under repeated loading into the following three ranges: (A) Plastic
Shakedown, (B) Plastic Creep, and (C) Incremental Collapse (see Figure 2.5) [15].
Figure 2.5: Stress-Strain Response of Unbound Granular Materials under Repeated Loading
Presented using the Shakedown Concept [31]
Note that range A shown in Figure 2.5 corresponds to load levels that are significantly smaller
than the material shear stress, and is represented by decreasing permanent strain rates with
increase in load applications. Range C behavior results when the applied stress levels are
significantly close to shear strength of the material and represents rapid shear failure of the
material under low number of load applications. Range B is intermediate between A and C, and
corresponds to load levels larger than the plastic shakedown limit (Range A), but smaller than the
20
plastic creep limit (Range C). Under these conditions, the material shows decreasing permanent
strain rates up to a certain number of load cycles. However, upon further load application, the
permanent strain rates start increasing once again. The material subjected to load levels
corresponding to Range B fails eventually at very high number of load applications. Note that
unbound granular layer behavior in conventional pavement systems typically corresponds to
Range B. However, as unsurfaced pavements and construction platforms are typically subjected
to low number of load applications, the UGL behavior in such structures corresponds to range A
or C depending on the magnitudes of applied loads with respect to aggregate shear strength.
Theyse [32] proposed slight modifications to the shakedown theory, and presented it in the form
of a set of individual permanent deformation response lines (permanent deformation vs. number
of load repetitions) depending on applied stress states. Figure 2.6 shows the “extended”
shakedown theory proposed by Theyse including the limits separating material response in
different regimes. Note that the “zero stress loading” and “static failure” lines represent the lower
and upper boundaries of shakedown theory, respectively. In-depth understanding of different
mechanisms contributing to the accumulation of permanent deformation in unbound granular
layers is particularly important for design and analysis of unsurfaced pavements, as the unbound
granular layer is the primary structural load bearing components in these pavement systems.
Figure 2.6: Extended Shakedown Theory Proposed by Theyse [32]
21
2.4.1 Permanent Deformation Models for Unbound Granular Materials
Several different characterization models have been proposed by past research studies for
permanent deformation response of unbound granular materials. These models typically predict
the permanent deformation accumulation in a material by correlating it to one or or more of
several different factors such as: number of load applications, applied stress states, ratio of
applied stress to aggregate shear strength, etc. Some of the most widely accepted models for
predicting permanent deformation in unbound granular materials are summarized below:
Barksdale Model
Barksdale in 1972 [34] used standard repeated load triaxial test data to propose a linear
relationship between permanent axial strain and the logarithm of number of load applications as
shown below:
p = a+ blog(N) (2.6)
where p is the axial permanent strain; N is the number of load applications; a, and b are model
parameter estimates from linear regression analysis of laboratory experimental data.
Phenomenological Model
Monismith in 1975 [35] proposed a log-log relationship between permanent strain and the number
of load applications as shown in Equation 2.7. This model also known as the phenomenological
model, is used widely to present permanent deformation test results from laboratory experiments.
p = AN
b (2.7)
where the definitions of p, N, A (or a), and b are the same as given above.
Note that researchers have proposed a value less than unity (1.0) for the regression parameter
‘b’ for stress conditions significantly below the shear strength of the material [30, 35]. However, a
value of ‘b’ that is less than unity (1.0) would imply a permanent deformation accumulation rate
of infinity (∞) for the first load application (N = 1), and zero for large values of N. This also
implies that the ‘A’ parameter represents an asymptote for the accumulated permanent
deformation for large values of N. Note that asymptotic permanent deformation response is
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typical of range A (plastic shakedown) material behavior as previously discussed. Therefore, the
phenomenological model can predict material behavior accurately only for stress levels below the
plastic shakedown limit. Thompson and Nauman [36] observed that the ‘A’ term in the
phenomenological model was significantly affected by stress states (‘A’ values typically increased
with increasing stress levels), whereas the ‘b’ parameter varied in the range between 0.12 and 0.20
for different granular material types.
Wolff Model
Wolff in 1992 developed the following model to predict permanent strain accumulation in
aggregate base and subbase layers from Heavy Vehicle Simulator (HVS) test data [37].





where p is the axial permanent strain; N is the number of load application; and a, b, and m are
model parameters. The primary feature of Wolff’s model is that it accounts for the initial rapid
increase in permanent deformation followed by a linear phase in which the permanent
deformation increases at a steady rate. Upon differentiating the above expression to study the
rate of accumulation of permanent strain,
∂p
∂N , once can see that the incremental permanent
deformation is equal to a× b for N = 0, and approaches ‘m’ as N →∞. It should be noted that
in light of the shakedown concept, m = 0 and m > 0 correspond to plastic shakedown, and plastic
creep response ranges respectively [26].
Van Niekerk and Huurman Model
Van Niekerk and Huurman [38] proposed the following relationship between plastic strain and the









where p is the permanent or plastic strain; N is the number of load applications; σ1 is the major
principal stress; σ1,f is the major principal stress at failure; and a1, a2, b1, andb2 are model
parameter estimates. Note that as the ratio of σ1 to σ1,f is kept constant for a particular test, the
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above equation is essentially the same as the phenomenological model given by p = AN
b.
Hurrman Model
Huurman in 1997 [39] combined stress level and number of load applications into one expression

























where X is a variable representing each parameter A, B, C, or D in Equation 2.10; x1 and x2 are
variables representing related coefficients a1, a2, b1, b2, c1, c2, d1, and d2 respectively.
Among the above listed permanent deformation models, the phenomenological model
(Equation 2.7) has been selected and used in this study to fit laboratory permanent deformation
test results and subsequently for conducting statistical analyses of different aggregate physical
properties affecting permanent deformation model parameters.
2.5 Design Philosophies for Unsurfaced Pavements and Construction
Platforms
The general principles governing the design of unsurfaced pavements is often quite different from
those used in the design of conventional flexible pavement systems. In a conventional flexible
pavement, most of the stresses imposed by the wheel loads are taken up by the asphalt layer, and
hence the underlying layers (base/subbase and subgrade) are not exposed to very high stress
levels. Therefore, the stress-strain levels in the unbound pavement layers are often in the plastic
shakedown range under normal traffic loading conditions. Such stress-strain tests have been
analyzed with reasonable accuracy by adopting “elastic layer theories”. However, such elastic
layer theories are often not suitable for unsurfaced pavements and construction platforms.
Moreover, although “surface treated” pavements do have a thin asphalt coating on top of the
aggregate layer, they are primarily for drainage purposes and seldom contribute towards the load
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carrying capacity of the pavement structures. The high stress levels experienced by the unbound
aggregate layers in such pavements cause the unbound granular materials to undergo non-linear
inelastic behavior. Several different approaches have been used for the design of unsurfaced
pavements and construction platforms.
2.5.1 Methods based on Subgrade Strength
The California State Highway Department Method
Some of the most commonly used design methods for unsurfaced pavements and construction
platforms are based on the subgrade strength as the primary input parameter, with the
“CBR-Method” being the most widely known. Developed by the California Division of Highways
in late 1930s through investigation of several in-service pavements at different conditions, this
method recommends the required thickness of pavement layers to protect a subgrade of given
strength [40, 41, 42]. Figure 2.7 shows the thickness design curves used by the CBR method
[40, 42]. Note that the design curves were developed based on subgrade strength and wheel load
only, and did not consider the number of load applications or material quality used to construct
the overlying layers.
The Illinois Department of Transportation Method
The Illinois Department of Transportation (IDOT) uses the subgrade unsoaked CBR (also known
as Immediate Bearing Value or IBV) as a primary input for recommending the thickness of
pavement construction platforms. Aggregate “cover” layer thicknesses are recommended to
protect the subgrade from excessive deformations under the heavy loads imposed by construction
vehicles and equipment [6]. This procedure was originally developed by Thompson et al. in 1977
through finite element analyses of unsurfaced pavement sections comprising different aggregate
layer thicknesses over varying subgrade conditions [43]. Up to 5,000 passes of a 142-kN (32-kip)
tandem axle were considered to calculate the subgrade vertical compressive stress (σd) as the
critical pavement response parameter. Rutting potential of the subgrade was assessed by
calculating the Subgrade Stress Ratio (SSR), defined as the ratio of σd and Qu (SSR = σd/Qu),
where Qu is the subgrade unconfined compressive strength. Aggregate cover thickness values were
recommended by setting a threshold value of SSR as approximately 0.75 to limit the rutting to
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Figure 2.7: Design Curves for the CBR Method [40, 42]
below 0.5 in. [43]. Note, that although the IDOT procedure is not purely empirical like the
original CBR-method, the quality of aggregates used in the “cover” layer is not considered, and
the same subgrade rutting is assumed to be the only mechanism contributing to pavement failure.
The United Kingdom (UK) Approach
In the United Kingdom, the traditional approach for pavement foundations design has been
through the use of established empirical relationships and a recipe specification according to
which specified materials are laid and compacted using specified methods. The pavement
foundation thicknesses vary from 0 mm to 600 mm (0 in. to 12 in.). However, irrespective of the
thickness, the procedure assumes that all foundation layers achieve a similar minimum level of
performance, and hence are treated equally [44]. This design followed the HD25/94 [45] manual,
which was a recipe approach (see Figure 2.9).
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Figure 2.8: The Illinois Department of Transportation Procedure for Determining Aggregate
Cover Layer Thickness based on Subgrade Unsoaked CBR (IBV) Values [6]
Although the thickness values recommended by the United Kingdom design recipe were found
to perform adequately in the field, one important thing to note is that the procedure was highly
empirical. The approach did not distinguish between different types of aggregate materials while
recommending the thickness of the capping layer. The allowed granular capping materials could
have fines (material passing the 0.075 mm sieve) anywhere in the range of 0% to 12% [46]. As the
performances of granular layers are known to be dependent on the amount of fines, the “one
thickness for all” approach recommended by the recipe was not likely to work for different
conditions. Moreover, the design recipe could not recommend adequate thicknesses for new
recycled materials and marginal aggregates.
Recent research in the United Kingdom has resulted in the adoption of a performance-based
specification for pavement foundation construction [44, 47]. In a performance-based approach, the
material properties are determined in the laboratory before design using representative samples
both of the subgrade and of the proposed foundation material tested at anticipated environmental
conditions. The same properties are again measured in-situ on the same materials during
construction to confirm that the desired properties (in terms of stiffness and resistance to
permanent deformation) have been achieved [44, 47]. Figure 2.10 shows the new suggested layer
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Figure 2.9: Capping and subbase thickness designs in the United Kingdom [45]
thickness design approach, which is based on the layer stiffness (measured in-situ) of the
foundation/cover layer. It can clearly be seen that the required thickness of the foundation layer
for a given subgrade stiffness (also indicated by CBR value) decreases as the material quality used
in the foundation layer becomes better (which is indicated by a higher foundation layer stiffness).
Similar curves have been developed for different ranges of foundation layer stiffness. The primary
advantage of this approach lies in the consideration of the material quality used to construct the
foundation layer.
The AUSTROADS Pavement Design Method
The procedure used in Australia for design of granular pavements with thin (less than 25-mm
thick) bituminous surfacing is highly empirical in nature, and is derived from the original
CBR-method. As shown in Figure 2.11, the Australian approach to design aggregate layer
thickness also does not consider the quality of aggregate material used in construction, and
recommends the design thickness values based on subgrade CBR and design traffic volume only.
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Figure 2.10: Foundation Layer Design Approach Based on Material and Construction Quality
used in the United Kingdom [48]
Figure 2.11: AUSTROADS Design Chart for Granular Pavements with thin Bituminous
Surfacing [49]
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As summarized in this section, the design procedures for unsurfaced pavements and
construction platforms have traditionally been based on the principle of “protecting” the
subgrade. Aggregate layer thicknesses are recommended based on subgrade strength as the
primary input without giving any consideration to the quality of material used for constructing
the aggregate layers.
2.5.2 Methods based on Bearing Capacity Theory
Due to the high stress levels applied on the unbound aggregate layers in unsurfaced pavements,
the use of elastic analysis may not be justified to predict the performance of these pavements
under loading. As the stress levels experienced by unsurfaced pavement layers often approach the
material shear strength, design procedures based on bearing capacity theory may be more
applicable for design of such pavement systems [50, 51].
Several researchers have attempted to extend the traditional bearing capacity theory to the
design of unsurfaced pavements. Among the pavement design procedures adopting bearing
capacity theory, some focuss on design of unreinforced unpaved roads [52, 53, 54, 55], whereas the
others analyze the effects of geosynthetics on unsurfaced pavement performance [56, 57, 58].
Moreover, these design approaches can be broadly classified into the following two categories: (a)
methods that consider the base layer as an elastic material designed to distribute the load to the
subgrade, and (b) methods that assume a general shear type failure mechanism involving all
pavement layers [50].
All the design approaches mentioned above, have several shortcomings related to the prediction
of ultimate loads in layered pavements and the inability to incorporate environmental factors like
pore water pressure into subgrade performance, etc. Moreover, these design approaches are based
on a fixed level of traffic, and do not consider the effect of traffic levels on pavement performance.
For example, the design approach proposed by Broms [54, 55] does not consider the contribution
of layers above the subgrade to the shear resistance of the pavement, and assumes the shear failure
to be located primarily in the subgrade. However, this assumption is not valid for cases where a
thick aggregate layer consisting of “poor quality” material is placed on top of the subgrade. The
unsurfaced pavement system in such cases may fail primarily due to shear movement within the
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aggregate layer. Note that in spite of several different pavement design methods developed based
on the bearing capacity theory, their usage in practice is not very common.
2.6 Modes of Rutting in Unsurfaced Pavements
As discussed in the previous section, most methods commonly used for the design of unsurfaced
pavements are based on the principle of “protecting” the subgrade. These methods assume that
subgrade rutting is the primary mechanism contributing to pavement failure, and do not
incorporate aggregate material quality into the thickness design procedure. However, researchers
in the past [59] have identified several different mechanisms contributing to the failure of
unsurfaced pavement systems.
Dawson et al. [59] distinguished between four fundamental mechanisms contributing to the
development of rutting in unsurfaced pavements and low volume roads. These four mechanisms,
named arbitrarily as Modes 0, 1, 2, and 3 often act simultaneously to result in rut accumulation
in a given pavement structure. Figure 2.12 presents the schematics of the first three modes [59].
Mode 0 is primarily caused by initial reorientation of particles achieved during compaction, and
hence can be avoided through adequate compaction of the layers during construction. Mode 1 is
characterized by local shear within the aggregate layer resulting in heave development adjacent to
the wheel path. This mode is predominant in narrow roads where wheel wander and the resulting
material “push-back” is absent. The development of Mode 1 rutting in an unsurfaced pavement
system is primarily governed by aggregate quality and the relative magnitudes of the applied
stresses with respect to aggregate shear strength. Mode 2 rutting primarily originates from
subgrade deformation, with the aggregate layer moving with the subgrade like a “flexible mat”.
Traditional design methods for unsurfaced pavements based on the concept of “subgrade
protection” assume Mode 2 rutting to be the only mechanism contributing to pavement failure
provided that the subgrade is covered by an aggregate layer of adequate thickness. Mode 3
rutting is attributed to particle crushing and abrasion, and is more prevalent during the
placement and compaction stages than due to actual traffic loads.
31
Figure 2.12: Different Rutting Modes in Low Volume Roads [59]
2.7 Aggregate Properties Affecting Unbound Granular Layer Behavior
As mentioned in Chapter 1, the primary objective of this research study was to evaluate the
effects of aggregate physical properties on unsurfaced pavement performance. Accordingly,
extensive review of technical literature was conducted to identify the most important physical
properties affecting aggregate behavior in unbound as well as bound pavement layers. A summary
of the findings from the literature review is presented below.
2.7.1 Particle Size Distribution and Fines Content
Gradation and fines content are interconnected in their effects on strength, modulus and
permanent deformation characteristics. For a dense-graded crushed aggregate base material
having a 25-mm (1-in.) top size, Gray’s pioneering work [60] indicated that maximum strength
was achieved at a fines content of about 8%. As the maximum aggregate size increased, the
optimum amount of fines that gave the maximum strength typically decreased. Well-graded
aggregates have been found to have higher resilient modulus values up to the point where the
fines content of the mixture displaces the coarse particles and the properties of the fines
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dominates [10, 61, 9]. Barksdale and Itani [62] found a dramatic 60% reduction in the resilient
modulus when the fines content was increased from 0 to 10%. Kamal et al. [61] and Dawson et al.
[63] found the effect of grading to be more significant than degree of compaction with the densest
mix having the highest permanent deformation resistance. Increasing the amount of fines in a
mix reduces the permanent deformation resistance [64, 34, 8]. Moreover, the type of fines in an
aggregate layer has also been found to affect the performance significantly. The results of a recent
IDOT field study, Experimental Feature IL 03-01, indicate that aggregate properties have a
significant effect on their performance in subgrade applications [6].
2.7.2 Particle Shape and Surface Texture
Particle shape and surface texture have been found by researchers to be significant factors that
affect aggregate performance in bound as well as unbound pavement layers. Increasing particle
angularity and roughness increases the resilient modulus while decreasing the Poisson’s ratio
[17, 65, 66, 64, 62]. The reported research indicates that aggregates made with uncrushed or
partially crushed particles have a lower resilient modulus than those with angular crushed
particles. This effect has been attributed to the higher number of contact points in crushed
aggregates which distribute loads better and create more friction between particles [9].
Allen [11] and Barksdale and Itani [62] investigated the effects of the surface characteristics of
unbound aggregates and found that angular materials resisted permanent deformation better
than rounded particles because of the improved particle interlock and higher angle of shear
resistance between particles. Similarly, Thom and Brown in 1989 [67] observed that permanent
deformation was primarily affected by visible roughness of particles. Barksdale and Itani [62]
concluded that blade shaped crushed particles are slightly more susceptible to rutting than other
types of crushed aggregates and that cube-shaped, rounded river gravel with smooth surfaces is
more susceptible than crushed aggregates.
More recently, Rao et al. [68] studied the impact of imaging based aggregate angularity index
variations on the friction angle of different aggregate types and reported an increase in aggregate
performance when the percentage of crushed particles was increased. An increase in crushed
materials beyond 50% significantly increased friction angle obtained from rapid shear triaxial
tests indicating a higher resistance to permanent deformation accumulation. Later on, Pan et al.
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[69] found that increased surface texture and particle angularity as quantified from imaging
increased the resilient modulus of asphalt concrete. In another study, Tutumluer and Pan [70]
reported that aggregate blends comprising angular, rough particles consistently showed lower
permanent deformation accumulations represented by lower values for the A and b parameters as
used in the phenomenological model (see Equation 2.7).
2.7.3 Degree of Compaction
Density is used in pavement construction as a quality control measure to help determine the
compaction level of the constructed layers. Generally, increasing the density of a granular
material makes the aggregate layer stiffer and reduces the magnitude of the resilient and
permanent deformation response to both static and dynamic loads [71]. While some have found
the research on density to be ambiguous in regards to the resilient behavior of soils causing little
change in the resilient modulus [72, 73, 9] others have found that there is a general increase in the
resilient modulus with increasing density [74, 75].
The impact of density seems to be larger on the permanent deformation behavior of aggregates.
Decreased density, as measured by degree of compaction, substantially increases permanent
deformation. Barksdale [34] found that decreasing the degree of compaction from 100% to 95% of
maximum dry density increased permanent axial strain by 185% (on average). Increasing density
from the standard to modified compactive effort maximum density decreased permanent
deformation 80% for crushed limestone and 22% for gravel [11]. Moreover, van Niekerk [76]
reported that increasing the degree of compaction from 97% to 103% increased the axial stresses
required to cause a similar magnitude of permanent axial strain for the investigated specimens.
Holubec [77] found that increased density improves properties of unbound aggregates with
angular particles more than for aggregates with rounded particles, provided there is no increase in
the transient pore pressure during repetitive loading.
2.7.4 Moisture Content
Moisture has been widely accepted to adversely affect the performance of unbound aggregate
layers in pavement structures, and can affect aggregates in three different ways: (1) make them
stronger with capillary suction, (2) make them weaker by reducing causing lubrication between
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the soil particles, and (3) reduce the effective stress between particle contact points due to
increasing pore water pressure thus decreasing the strength of the soil.
Holubec in 1969 [77] conducted repeated load triaxial tests on crushed aggregates and gravel
sands over a range of moisture contents. He reported an increase in permanent deformation by
300% for crushed aggregates and 200% for gravel sands when the moisture content was increased
by 2.8% and 3.6%, respectively. Thompson and Robnett [78] and Dempsey [79] found that open
graded aggregates did not develop pore pressures, but uniformly graded dense aggregates with
higher fines contents did develop pore pressures and resulted in a reduction in resilient modulus
values. Thom and Brown [80] found that no noticeable pore water pressures developed below 85%
saturation and that most of the reduction in resilient moduli was due to the lubricating effect of
the water. It can also be assumed that increasing the water content in a soil reduces the capillary
suction between particles thus decreasing the effective stress and the resilient moduli. Therefore,
moisture can have a positive effect on unbound granular materials as long as the moisture
increases the capillary suction between particles. Once the saturation reaches a point where it
reduces the capillary suction, the moisture becomes a detriment to preventing residual
deformation and can even cause a lubricating effect. And at even higher saturation levels where
excess pore water pressure can develop and reduce the effective stress, the rutting resistance can
decrease dramatically resulting in deeper ruts [80]. Maree et al. [81] conducted Heavy Vehicle
Simulator (HVS) tests on pavements with untreated granular bases and reported higher
permanent deformation for layers with higher moisture contents. Moreover, Maree also observed
that “unstable” conditions in unbound aggregates was triggered at lower values of stress ratio
(defined as the ratio of applied stress, to aggregate shear strength) when the degree of saturation
was increased.
2.8 Summary
Findings from an extensive review of technical literature conducted under the scope of the current
research study were presented in this chapter. A detailed discussion of granular material behavior
under repeated loading was first presented, followed by discussion on commonly used models to
predict the resilient and permanent deformation behavior under loading of unbound granular
materials. A summary of different methods used for thickness design of unsurfaced pavements
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and construction platforms was provided, and the primary features of each design method were
discussed. From review of these methods, the need to study the effect of aggregate quality on
unsurfaced pavement performance was established. Finally, important aggregate physical
properties identified by researchers as governing the behavior of unbound granular layers were
listed. Findings from the review of technical literature will be used in Chapter 3 to establish the
research framework and identify different research tasks targeted towards accomplishing the
ultimate objective of this research.
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CHAPTER 3
RESEARCH FRAMEWORK, & MATERIALS USED
3.1 Introduction
This chapter outlines the scientific approach adopted during the current study to evaluate
individual effects of selected aggregate physical properties on behavior. Research framework
established to accomplish the ultimate research objective is described in details, followed by
selection of important aggregate physical properties (test factors) for laboratory experimentation
and field evaluation. Development of a laboratory test matrix is explained, and the importance of
using a common engineered gradation for laboratory testing is emphasized. Test methods
commonly used to evaluate the mechanical behavior of aggregates in the laboratory are discussed
along with relevant information about the test equipment used. Finally, this chapter also presents
details on the different aggregate types tested during this research along with results from
preliminary material characterization tests conducted in the laboratory.
3.2 Research Framework
A research framework was developed to investigate the effects of different aggregate physical
properties on unsurfaced pavement performance. To this end, the research scope comprised
laboratory testing of aggregates as well as accelerated testing of full-scale unsurfaced pavement
sections. Laboratory tests, commonly used to assess unbound granular material behavior were
conducted to evaluate the effects of different aggregate physical characteristics governing material
quality. Next, full-scale unsurfaced pavement test sections were constructed for verification of the
laboratory test results through accelerated pavement testing.
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3.2.1 Selection of Important Aggregate Physical Properties
Based on extensive review of technical literature (outlined in Chapter 2) the following aggregate
physical properties (test factors) were selected for evaluating their effects on aggregate behavior:
particle shape, texture and angularity, fines content (material finer than 0.075 mm), plasticity of
fines (measured on material finer than 0.425 mm), and compaction (moisture-density) conditions.
A controlled particle-size distribution was used to ensure that observed changes in aggregate
behaviors could be attributed to the effects of varied aggregate properties (e.g. fines percentage,
plasticity of fines, etc.).
3.3 Development of Laboratory Test Matrix
First phase of the research scope involved laboratory testing to evaluate individual effects of the
test factors on aggregate behavior. The laboratory test results would subsequently be used to
identify the minimum variations required in the test factors to affect aggregate behavior
significantly. Three different aggregate types commonly used in the state of Illinois for pavement
applications were selected for laboratory testing as well as constructing full-scale pavement
sections for accelerated testing. The material selection was aimed to adequately encompass
extreme aggregate physical property combinations allowed by current and future possible
transportation agency specifications while simultaneously considering the time requirements and
expenses associated with an extensive laboratory and field testing program.
An experimental test matrix was developed for laboratory assessment of aggregate behavior at
different combinations of the aggregate physical properties (test factors). Two different crushed
stones (limestone and dolomite) were selected along with one uncrushed “river-run” gravel for
laboratory characterization and accelerated testing of full-scale unsurfaced pavement sections.
The primary objective was to establish ranges for the test factors that primarily influence
strength, modulus and deformation behavior of aggregates, and thus govern the behavior of
aggregate layers in a pavement system. The following variations were induced in the test factors
to represent different UGM types commonly used in pavement layer construction.
Particle Shape, Texture and Angularity: Effect of particle shape, texture and angularity on
UGM behavior were studied through comparison of (shear) strength, (resilient) modulus,
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and (permanent) deformation characteristics of crushed vs. uncrushed aggregate materials.
Fines Content: To study effects of fines on aggregate behavior, laboratory specimens were
prepared and tested at four different fines contents, 4%, 8%, 12%, and 16% material by
weight passing No. 200 sieve (material finer than 0.075 mm). These values were selected to
encompass entire ranges of fines contents that may be allowed by state transportation
agencies.
Type of Fines: To distinguish between different types of fines, the plasticity index was taken as
the indicative parameter, as determined by measuring the Atterberg limits of material
passing the No. 40 sieve size (material finer than 0.425 mm). Two different fines types,
nonplastic and plastic (with a PI in the range of 10% to 12% obtained by adding clay to
nonplastic fines) were used to evaluate the effect of plasticity of fines on aggregate behavior.
Compaction Conditions: The effects of compaction conditions on aggregate behavior were
studied in the laboratory by testing specimens at three different moisture contents: 90%
Wopt, Wopt, and 110% Wopt, where Woptis the optimum moisture content (OMC)
determined using the standard compaction (ASTM D 698) method [13]. Similarly, the effect
of moisture condition on the field performance of unsurfaced pavement sections was
evaluated through accelerated pavement testing of the full-scale test sections at
near-optimum and flooded aggregate layer moisture conditions.
Varying the test factors within the above specified ranges resulted in a 4× 2× 3 factorial
laboratory test matrix (4 different fines contents, 2 different types of fines, 3 different moisture
contents) for each of the three selected aggregate types.
3.4 Preliminary Laboratory Testing of Aggregates
Preliminary laboratory tests were first conducted on the three selected aggregate materials to
characterize the original particle size distribution, Atterberg limits, as well as particle shape,
texture and angularity parameters. Four samples for each aggregate type were collected from
different locations on the stockpiles, and processed through washed sieving to determine the
particle size distributions (see Figure 3.1). Note that the crushed limestone and dolomite
materials contained significantly higher amounts of fines (material finer than 0.075 mm)
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Figure 3.1: Original Gradations of (a) Crushed Limestone, (b) Crushed Dolomite, and (c)
Uncrushed Gravel Materials Selected in this Research
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compared to the uncrushed gravel. Moreover, gradation curves for these two materials showed
significant variations across the four samples tested, whereas the gravel samples showed identical
gradations. As particle size distribution or packing order is critical to governing the load
distribution pattern in an aggregate matrix, hence affecting behavior under loading, differences in
aggregate gradations can lead to significantly different unbound granular layer performance for
the same aggregate type. It was therefore decided to use gradation as a control parameter during
this research study. The methodology adopted to prepare laboratory specimens at a controlled
gradation, is described in Section 3.5.1. Material passing sieve No. 40 (finer than 0.425 mm) for
the three aggregate types were tested in the laboratory for Atterberg Limit determination, and
were nonplastic in nature (Plasticity Index or PI = 0%).
3.4.1 Imaging Based Quantification of Aggregate Morphological Indices
Particle shape, texture and angularity characteristics of the three aggregate types were quantified
in the laboratory using a validated image analysis system, the University of Illinois Aggregate
Image Analyzer (UIAIA). The UIAIA was identified by the NCHRP project 4-30A as one of the
most promising aggregate imaging systems providing automated means to determine coarse
aggregate size and shape properties [82, 83]. The UIAIA system (see Figure 3.2) can take images
of an individual aggregate particle from three orthogonal views, to reconstruct the
three-dimensional (3-D) particle and compute its volume as well as size and shape indices. The
UIAIA based image indicial data for coarse aggregates fall into two categories: (i) particle size and
volume (including maximum, intermediate and minimum dimensions) [82, 83]; and (ii) particle
morphological or shape indices (including Flat and Elongated (F&E) Ratio [84], Angularity Index
(AI) [68], and Surface Texture (ST) Index [85]). These two categories of imaging based aggregate
shape indices have been validated in the past by successfully linking them to laboratory strength
data and field rutting performances of many different types of aggregates [68, 86].
Approximately 250 aggregate particles were selected from each aggregate type and scanned
using the UIAIA through three replicate tests. For selecting the particles from each aggregate
type, care was taken not to select very small particles as the UIAIA results tend to be more
accurate for intermediate to larger size aggregates [83]. For the current study, particles
corresponding to material retained on sieves No. 4 and No. 8 (4.75-mm and 2.36-mm opening
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Figure 3.2: The University of Illinois Aggregate Image Analyzer (UIAIA) System
size, respectively) up to 1-in. size were scanned to determine the shape and surface texture
indices using automated algorithms [68, 85].
Results and Discussion
Figure 3.3 shows the ST index values graphed with particle number, for the three aggregate
types. ST indices for crushed limestone and dolomite were typically greater than those for the
uncrushed gravel. Similarly, Figure 3.4 presents the AI values graphed for the three aggregate
types and clearly shows higher percentage of crushed limestone and dolomite particles
representing higher AI ranges as compared to the uncrushed gravel.
Table 3.1 lists the average particle shape, texture and angularity indices for the three aggregate
types studied in this research study. It should be noted that higher AI and ST values indicate
more angular and rougher surface textured aggregates, respectively. The uncrushed gravel
particles were closer to spherical shapes with the lowest F&E ratios by weight among the three
aggregate types. Table 3.1 also lists typical AI and ST index values identified for crushed
limestone and uncrushed gravel particles from imaging of 39 different coarse aggregate materials
during a recent study [87]. Note that the shape indices for the three aggregates investigated in
this research study appropriately fall within the typical ranges shown in Table 3.1.
Different shape and surface texture indices correspond to differences in shear resistance and
load spreading abilities of an unbound granular layer, and can be directly linked to aggregate
behavior for identifying contributions of crushed and uncrushed particles. This link can be used
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Figure 3.3: Summary of Surface Texture Distribution for the Three Aggregate Types
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Figure 3.4: Summary of Angularity Indices for the Three Aggregate Types
Table 3.1: Average Aggregate Shape and Surface Texture Indices
Angularity Surface Texture Flat & Elongated
Index (AI) Index (ST) Ratio (by Weight)
Measured Typical Measured Typical Measured
Value Range1 Value Range1 Value
Crushed Limestone 481 400-550 1.8 1.2-1.8 2.5
Crushed Dolomite 428 N/A2 1.3 N/A2 3.3
Uncrushed Gravel 330 250-350 1.0 0.5-1.2 1.9
1 Typical values identified from 39 different coarse aggregate materials in a pool fund study [87]
2 N/A = data not available
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as a guideline to select aggregate materials for unsurfaced pavement applications. These indices
will later be used to justify trends observed during shear strength (Chapter 4), and repeated load
triaxial testing (Chapter 5) of the aggregates.
3.5 Laboratory Assessment of Aggregate Behavior
This section describes the development of a controlled particle-size distribution or engineered
gradation for all the aggregate materials studied. This is followed by details on different
mechanical tests performed to characterize the shear strength, permanent deformation, and
resilient modulus characteristics of aggregates at different combinations of the test factors.
3.5.1 Common Engineered Gradation for Factorial Study
Before conducting a parametric study of aggregate physical properties affecting behavior, it was
important to control the particle-size distributions consistently across different materials tested.
A controlled particle-size distribution would help to attribute the observed change in behavior to
the effect of the varied aggregate property (e.g., fines percentage, plasticity of fines) only. A
typical dense graded aggregate specification (Coarse Aggregate Gradation No. 6 or CA-6) used
by the Illinois Department of Transportation (IDOT) served as the reference for developing target
gradations for laboratory testing. The primary objective was to have a constant gradation for all
test specimens, with only the fines content changed to the four pre-determined target values (4%,
8%, 12%, and 16%). Gradation boundaries for the IDOT CA-6 corresponding to individual sieve
sizes were considered for developing the engineered gradations. Figure 3.5 shows the engineered
aggregate gradation curves developed for the different target fines contents.
To prepare specimens according to the engineered gradations for laboratory testing, sieving and
size separation of the aggregates were first undertaken. Approximately 3.6 tonnes (8,000 lb) of
each aggregate material were processed through sieving for amounts retained on individual sieve
sizes and collecting them into different barrels. After sorting individual aggregate sizes into
separate barrels, the next step was to blend the aggregates as per the engineered gradations
shown in Figure 3.5.
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Figure 3.5: Engineered Gradations for Different Target Percent Fines (Passing No. 200 sieve)
Sample Blending and Effect of Fines Sticking to Coarse Particles
Washed sieving of blended aggregate samples was conducted to compare the target and achieved
gradations. Washed sieving results showed that the achieved fines contents of blended samples
were consistently higher than the target fines contents based on dry blending. This difference was
attributed to the significant amount of fines that remained on the surfaces of larger particles
during dry sieving and contributed toward the total fines content determined by washed sieve
analysis. These fines could considerably influence aggregate behavior and therefore had to be
accounted for in preparing laboratory test specimens. Several replicates of washed gradations
were conducted on blended samples to quantify the difference between target and achieved fines
contents. Table 3.2 summarizes the average differences observed between target and achieved
fines contents determined in the blended samples for the three aggregate types.
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Table 3.2: Target and Achieved Fines Contents
Target Fines Content (%) Achieved Fines Content (%)
(based on dry sieving) (based on wet sieving)
Limestone Uncrushed Gravel Dolomite
0 4.4 2.9 0.7
4 8.1 6.8 4.7
8 11.8 10.6 8.7
12 15.5 14.5 12.6
16 19.2 18.3 16.6
Note that even a sample blended targeting 0% fines (no material passing No. 200 sieve)
contained 4.4% fines in the case of limestone, and 2.9% fines for uncrushed gravel. However, the
dolomite sample (received as washed material from the quarry) contained less than 1% fines. The
limestone and uncrushed gravel stockpiles were received directly from the quarry and hence had a
significant amount of fines sticking to larger particles. For both limestone and gravel, the achieved
fines were consistently about 2.5% to 4% higher than the target fines. Therefore, it was decided
to blend these samples by targeting 0%, 4%, 8%, and 12% fines, to ensure achieved fine contents
of the order of 4%, 8%, 12%, and 16%, respectively. Dolomite samples, with negligible amount of
fines sticking to larger particles were blended by targeting 4%, 8%, 12%, and 16% actual fines.
Figure 3.6 shows the modified engineered gradations (0% target fines curve is added).
Blending of Fines to Achieve Target Plasticity
One of the test factors for this study was the type of fines, characterized by PI values measured
on material passing sieve No. 40 (finer than 0.425-mm opening size). Test specimens were
prepared at different gradations using nonplastic (PI = 0%) as well as plastic (PI ∼ 8-10%) fines
to evaluate the effects of fines plasticity on UGM behavior. As already mentioned, the fines
portion obtained from size separation of the three aggregate types were nonplastic in nature, and
hence were used to blend test specimens with nonplastic fines. Nonplastic fines obtained from
aggregate sieving were proportionally blended with a clay soil referred to as “refractory clay”, to
engineer a blend PI in range of 8-10% for preparing specimens with plastic fines.
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Figure 3.6: Final Engineered Gradations with 0% Target Fines Curve Added
3.5.2 Moisture-Density and Unsoaked CBR Tests
Compaction characteristics were established for the three aggregate types at different
combinations of the test factors using the standard effort (ASTM D 698, Method C) [13]. A
minimum of four points were used for each material combination to establish the optimum
moisture content (OMC or Wopt) and maximum dry density (MDD) values. After compaction,
each sample was penetrated by a circular plunger of 19.4 cm2 (3 in.2) area at a rate of 1.27
mm/min. (0.05 in./min.) to determine the unsoaked CBR (AASHTO T 193) values as the
expedited shear strength properties from compaction specimens. Important trends observed from
the moisture-density and CBR testing of the aggregates are presented in Chapter 4. OMC and
MDD values established for each material combination were later used to prepare specimens for
triaxial testing.
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3.5.3 Monotonic Triaxial Tests for Shear Strength Characterization
The effects of individual test factors on aggregate shear strength were evaluated through a test
procedure referred to here, as the University of Illinois Rapid Shear Strength Test. Cylindrical
specimens, 305-mm (12-in.) high and 152 mm (6 in.) in diameter, were tested under strain
controlled monotonic loading conditions to determine the shear strength properties of different
aggregate material combinations. Compared to conventional triaxial shear tests, the rapid shear
test punches the loading ram into the specimen at a much higher loading rate of 38 mm (1.5 in.)
per second, subjecting the specimen to 12.5% strain in one second. This deformation rate
corresponds to a 5% failure strain in a 305-mm (12-in.) high sample, in around 400 msec.
Because of the high loading rate, the rapid shear strength test produces slightly higher peak
stress values compared to conventional shear strength tests. However, it is believed to better
simulate any possible failure condition of an in-service pavement layer under the dynamic
application of a moving wheel load [12, 88]. Moreover, the recent NCHRP Project 4-23 has listed
the University of Illinois Rapid Shear Test as a fairly simple and precise test method for accurate
quantification of aggregate shear strength [89].
Test Equipment Description
The test setup used for conducting the rapid shear strength tests consists of a Material Testing
System (MTS) closed-loop servo hydraulic system. The main part of the system includes a
controller (MTS Model-407), a loading frame, and a hydraulic power supply. The system is fitted
with a 44.5-kN (10-kip) hydraulic actuator. The loading ram of the actuator is fitted with an
internal Linear Variable Differential Transducer (LVDT) for displacement-controlled applications.
The MTS-407 controller provides the electronics for closed-loop controls and system operations.
The applied force is measured with an external load cell of 44.5-kN (10-kip) capacity placed
directly over the specimen. Force and displacement data during the test were recorded using a
data acquisition interface written in LabViewTM. Figure 3.7 shows a picture of the test setup.
Three different specimens were tested at confining pressures of 34.5, 69.0, and 103.5 kPa (5, 10,
and 15 psi respectively) to determine the cohesion (c) and friction angle (φ) values as shear
strength properties of each aggregate material combination. This resulted in a total of 216
aggregate specimens (3 aggregate types × 4 fines contents × 2 fines of fines × 3 moisture
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Figure 3.7: MTS 407 Servo-Hydraulic System Used for Rapid Shear Testing of Aggregate
Specimens
conditions × 3 confining pressures) compacted and tested for shear strength characterization.
Important test results from the shear strength tests are presented in Chapter 4.
3.5.4 Repeated Load Triaxial Tests for Permanent Deformation and Directional Modulus
Characterization
To evaluate the effects of individual aggregate physical properties on resilient modulus (MR) and
permanent deformation behavior, the three aggregate types were tested in the laboratory at
different test factor combinations. Cylindrical test specimens (152 mm or 6 in. in diameter and
152 mm or 6 in. in height) were prepared and tested under repeated loading, using an advanced
triaxial testing equipment, referred to as the University of Illinois FastCell (UI-FastCell), capable
of switching and pulsing the major principal stresses both in the axial and radial directions by the
use of two independently controlled pneumatic actuators.
The samples were first tested for permanent deformation behavior during the conditioning
phase of the AASHTO T 307 resilient modulus test procedure by applying 1,000 repetitions of a
maximum axial deviator stress of 103 kPa (15 psi) using a haversine-shaped load pulse (pulse
duration of 0.1 seconds and rest period of 0.9 seconds), at a confining pressure of 103 kPa (15
psi). Directional modulus tests were subsequently performed on the same specimens through
pulsed load application in the axial (direction 1), followed by radial (direction 3) directions. The
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stress states specified in the AASHTO T 307-99 procedure [90] were used for calculating the
vertical (from axial pulsing) and horizontal (from radial pulsing) MRvalues. Accordingly, the
pulsed deviator stresses (σnd) ranged from approximately 21 to 276 kPa (3 to 40 psi) in both
axial and radial directions whereas the hydrostatic pressures (σs) ranged from about 21 to 138
kPa (3 to 20 psi). One hundred load repetitions were applied at each stress state. Table 3.3 lists
the different stress states used during resilient modulus testing of the specimens, in both axial
and radial directions.
Table 3.3: Stress States Applied for Directional Resilient Modulus Testing (after AASHTO T
307-99)
Sequence Confining Pulsed Deviator
















The directional modulus testing approach was successfully applied by Seyhan and Tutumluer
[91] who studied thirteen aggregates with varying material properties and applied the concept of
anisotropic modulus ratio (ratio of horizontal to vertical MRvalues) as a material quality
indicator. Figure 3.8 shows the consistent trend of increasing directional modulus ratios for
“Good Quality” materials with the shear stress ratios [91]. Tutumluer and Seyhan [92] concluded
that directional dependency or anisotropy of aggregate stiffness can be successfully used to
quantify maximum allowable fines content (minus 0.075 mm or No. 200 sieve) in a given
aggregate gradation, and recommended an optimum fines content of 7% for a crushed limestone
aggregate base material having the IDOT CA-6 gradation. Comparative analyses of permanent
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Figure 3.8: Variations of Horizontal to Vertical Modulus Ratios with Failure Surface Shear Stress
Ratios [91]
deformation, and directional modulus behaviors of the three aggregate types tested at different
combinations of the test factors are presented in Chapter 5.
Test Equipment Description
The UI-FastCell is a Universal Testing Machine (UTM), closed-loop servo control material testing
set-up. The main part of the system consists of a loading frame, the triaxial cell, compressed air
supply, Control and Data Acquisition System (CDAS), and a personal computer with an
integrated software package. The CDAS directly controls the servo valves to apply the desired
loading rates or waveform and captures data from the transducers and transfers these data to the
personal computer via a standard serial communication port.
An air actuator applies the axial pressure, whereas the confining pressures are applied through
a hydraulic fluid within the rubber membrane. A fluid/air interface, which provides “fast”
application and switching of the dynamic loading in the confinement “cell” is used to minimize
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compressibility effects when radial stresses on a specimen are cycled. Pulsed load application in
the radial direction is used for investigating anisotropic effects and the response to loading in
which a 90◦ rotation of planes of principal stress is important. As it is not feasible to reorient
unbound granular material specimens in a triaxial cell, the UI-FastCell incorporates switching the
direction of pulsed load application for the same sample orientation. Figure 3.9 shows a picture of
the UI-FastCell with the confinement cell lowered down on the specimen for the testing position.
Sample preparation details, and test results from the repeated load triaxial testing are presented
in Chapter 5.
Figure 3.9: The University of Illinois FastCell
3.6 Accelerated Testing of Full-Scale Unsurfaced Pavement Sections
Phase II of the current research study comprised accelerated testing of full-scale unsurfaced
pavement sections for verifying laboratory research findings through field performance
evaluations. To this end, field test sections were constructed at the University of Illinois
Advanced Transportation Research and Engineering Laboratory (ATREL) using different
aggregate types, and were loaded to failure using an Accelerated Transportation Loading
Assembly (ATLAS). The primary objective was to use a controlled environment for constructing
similar test sections using the same, consistent construction techniques and procedures. Material
selection, and cross sectional design of the full-scale test sections were based on laboratory
established aggregate behavior trends, and are discussed in Chapter 6.
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The number of test sections constructed for full-scale testing was decided based on equipment,
space, construction, and cost constraints. The three aggregate types commonly found and utilized
in Illinois for pavement applications, were used in the laboratory experimentation as well as for
constructing the test sections. Field evaluation of test section performance also involved: (1)
Dynamic Cone Penetrometer (DCP) tests for measuring in-place subgrade CBR, (2) nuclear
density tests for moisture-density measurements, and (3) In-situ modulus measurements using a
Dynatest R© Light Weight Deflectometer (LWD) model 3031 and a Humboldt R© Soil Stiffness
Gauge (GeoGauge
TM
). Moreover, the use of Ground-Penetrating Radar (GPR) scanning was also
pursued for subsurface deformation assessment. Results from the in-place modulus measurements
and GPR scanning, are presented in Chapter 7. Results from additional laboratory tests
conducted on the aggregate materials used for constructing the test sections are presented in
Chapter 6.
The ATLAS machine is approximately 37.8-m (124-ft) long, 3.7-m (12-ft) high, and 3.7-m
(12-ft) wide with a loading length of 25.9 m (85 ft) and transmits a load up to 356 kN (80,000
lbs) to the pavement through a hydraulic ram attached to a wheel carriage. The wheel carriage
assembly can accommodate different tire configurations and a lateral wander of up to 91 cm (3
ft). Individual test sections constructed in this research study were loaded to failure through
unidirectional application of a 44.5-kN (10-kip) wheel load using a super-single tire. Pavement
performance was monitored through surface profile measurements and GPR scanning after
different number of load applications. Comparative analyses of different test section performance
trends are presented in Chapter 8.
3.7 Summary
This chapter outlined the research framework development for fulfilling the ultimate research
objective of evaluating individual effects of aggregate physical properties on behavior. The
research work was primarily divided into two phases, namely: laboratory experimentation, and
accelerated testing of full-scale unsurfaced pavement sections. Findings from an extensive review
of technical literature were used to identify the most important physical properties (test factors)
influencing unbound aggregate behavior. Three different aggregate types, namely crushed
limestone, crushed dolomite, and uncrushed “river-run” gravel, commonly used in the state of
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Illinois for pavement applications, were selected for investigation in the laboratory
experimentation and construction of full-scale test sections. Development of a laboratory test
matrix to encompass different test factors that may be allowed by different transportation agency
specifications was outlined. A common particle size distribution was engineered to eliminate the
influence of gradation differences on aggregate behavior.
Commonly used laboratory tests performed in this study for shear strength, permanent
deformation, and resilient modulus characterization of the aggregates at different combinations of
the test factors were described, and salient features of the test equipment were presented.
Imaging based indices quantifying the shape, texture and angularity of the three aggregate types
were presented from preliminary laboratory testing. The next chapter will present compaction




AGGREGATE COMPACTION & SHEAR STRENGTH
CHARACTERISTICS
4.1 Introduction
This chapter presents laboratory test results from compaction and shear strength characterization
of the three aggregate types during phase I of the current study. Moisture-density curves were
first established for the three aggregate types at all possible combinations of the test factors. The
effects of individual test factors on compaction characteristics, and unsoaked California Bearing
Ratio (CBR) tests (conducted on individual compaction specimens) are discussed. The unsoaked
CBR values are presented as expedited shear strength indices obtained from the compaction
specimens. Finally, results from strain controlled monotonic triaxial testing of the aggregates are
presented to analyze the effects of selected aggregate physical properties on shear strength.
4.2 Moisture-Density and Unsoaked CBR Testing
Most construction specifications for unbound granular layers are designed by referencing the
maximum dry density (MDD) and optimum moisture content (OMC) values as determined from
laboratory testing of aggregate specimens using the standard or modified compactive effort
(ASTM D 698 or ASTM D 1557). Thus, it was important to first study the compaction
characteristics of the aggregate materials at different combinations of the test factors. As
mentioned in Chapter 3, the optimum moisture content (wopt) was taken as the basis to study
the effect of moisture variation on aggregate behavior. Moreover, the compaction curves were
This chapter includes results already reported in the following publication. Contribution of the coauthors is
sincerely acknowledged:
1. Mishra, D., Tutumluer, E., and Butt, A. A.; “Quantifying Effects of Particle Shape and Type and Amount
of Fines on Unbound Aggregate Performance Through Controlled Gradation”; In Transportation Research
Record 2167, Journal of the Transportation Research Board, Transportation Research Board of the National
Academies, Washington, D.C., 2010, pp. 61-71 (Voted “Practice Ready” Paper).
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later used to determine target densities on the dry or wet side of woptto prepare test specimens
for strength, modulus, and deformation characterization.
Compaction characteristics of the aggregates were established using the standard compactive
effort specified in ASTM D 698 [13]. A minimum of four points were used to develop the curve
and establish the OMC and MDD values for each individual combination of the test factors. It is
important to note that the standard compactive effort [13] maximum dry density (MDD) values
were used as references for preparing the laboratory specimens as well as for constructing
full-scale pavement sections (see Chapter 6) during this research. This selection was based on the
fact that unsurfaced pavements and pavement working platforms are often constructed over weak
subgrade layers that cannot support extensive compaction of the overlying unbound granular
layer (UGL). Density-based compaction specifications for such pavements therefore primarily
target certain percentages of the standard compaction MDD values. Table 4.1 presents a
summary of the standard compaction optimum moisture content (OMC) and maximum dry
density (MDD) values for different combinations of the test factors determined.
4.2.1 California Bearing Ratio Tests
Unsoaked California Bearing Ratio (CBR) tests were conducted following ASTM D 1883 [93] on
the same specimens used to develop the compaction curves. The CBR value thus determined, is
referred to as the Immediate Bearing Value (IBV) as per IDOT specifications, and is an
expedited method of determining the strength index at different moisture contents. All the CBR
tests reported in this thesis were conducted under “unsoaked” conditions unless otherwise
specified. The variations in CBR values with moisture were analyzed for the individual
engineered gradations and discussions on important observed trends are presented below. It
should be noted that the actual fines contents determined from washed gradations have been used
as legends in the compaction and CBR figures. However, the approximate gradation
terminologies (e.g. 4%, 8%, 12%, and 16% target fines content) are used for presenting the shear
































































































































































































































































































































































4.3 Aggregate Physical Properties Affecting Compaction and CBR
Characteristics
The effects of selected aggregate physical properties (test factors) on compaction and CBR
characteristics of the three aggregate types are evaluated in this section. Significant trends in
CBR values (shear strength indices) are analyzed to highlight the relative importance of
individual test factors in governing aggregate behavior.
4.3.1 Effect of Nonplastic Fines
Standard compaction and CBR tests were conducted on specimens containing different
percentages of nonplastic fines, and the changes in aggregate behavior with amount of nonplastic
fines were studied.
Figure 4.1 presents the standard compactive effort moisture-density and unsoaked CBR test
results for crushed limestone specimens containing different amounts of nonplastic fines. The
upper part of Figure 4.1 shows the compaction curve, whereas the lower part shows the unsoaked
CBR values for each of the compaction specimens. Typically, the maximum dry density values
increased as the percentage of fines in the sample increased, with the highest maximum dry
density obtained at a fines content of 19.2%. As the addition of fines gradually filled the voids,
the aggregate matrix grew denser, thus making the 19.2% sample the densest. The change in
unsoaked CBR value (see lower part of Figure 4.1) with moisture content was erratic at low fines
contents (i.e. 4.4%, and 8.1%). At higher fines contents, however, the CBR value decreased
rapidly with increase in moisture content. The rate of decrease in the CBR value with moisture
was higher at higher fines contents. A similar trend was observed for dolomite samples (shown in
Figure 4.2), with the density of dolomite specimens increasing with increasing amounts of fines,
and the highest density achieved at a fines content of 15.9%.
Figure 4.3 shows a similar plot for uncrushed gravel specimens blended with different amounts
of nonplastic fines. Initially as the fines content increased from 2.9% to 14.5%, the MDD also
increased. However, as the fines content further increased to 18.3%, the MDD value decreased.
This can be explained by considering the packing characteristics and void structure of crushed
and uncrushed aggregates. The uncrushed gravel matrix, which comprises rounded aggregate
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Figure 4.1: Effect of Nonplastic Fines on Crushed Limestone Moisture-Density and CBR
Characteristics (1 pcf = 0.157 kN/m3)
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Figure 4.2: Effect of Nonplastic Fines on Crushed Dolomite Moisture-Density and CBR
Characteristics (1 pcf = 0.157 kN/m3)
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Figure 4.3: Effect of Nonplastic Fines on Uncrushed Gravel Moisture-Density and CBR
Characteristics (1 pcf = 0.157 kN/m3)
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particles, has a lower amount of total voids than that of crushed limestone or dolomite matrices.
As the fines content is increased beyond a certain point, all the voids in the uncrushed gravel
matrix get filled, and the coarse particles start to float in the matrix (transition from state (b) to
state (c) as shown in Figure 4.4). This results in a reduction in dry density, due to the lower
Figure 4.4: Aggregate Void Structure at Different Amounts of Fines: (a) No Fines Content, (b)
Optimum Fines Content, (c) Excessive Fines Content
specific gravity of fines compared to that of the coarse particles. For limestone specimens even
the presence of 19.2% fines did not completely fill the voids. Similar to the case of limestone, the
unsoaked CBR relationship of gravel with moisture content was erratic at low fines contents.
However, as the fines content increased, a rapid decrease in CBR with increasing moisture content
was observed.
4.3.2 Effect of Plastic Fines
To study the effect of plastic fines on aggregate behavior, test specimens were prepared at
different percentages of plastic fines. The plastic fines used in this study were engineered to have
plasticity index (PI) values in the range of 8% to 14% through proportional blending of a
refractory clay (PI = 18) with nonplastic fines. Figure 4.5 shows the overall impact of plastic
fines on the behavior of the limestone samples. The moisture-density behavior shows a pattern
similar to that observed with the nonplastic fines. The attained maximum dry density values
increase with increasing fines content from 6.6% to 15.3%.
The lower part of Figure 4.5 clearly captures the different influences of plastic and nonplastic
fines. Unlike in the case of nonplastic fines, the CBR value decreases rapidly with increasing
moisture content even at low percentages of plastic fines. Moreover, it should be noted that the
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Figure 4.5: Effect of Plastic Fines on Crushed Limestone Moisture-Density and CBR
Characteristics (1 pcf = 0.157 kN/m3)
64
CBR values for samples with plastic fines were appreciably lower than those with nonplastic fines,
even at the same moisture contents. The findings outlined here support the common observation
that plastic fines deteriorate aggregate performance significantly. Moreover, the rapid fall in CBR
value on the wet side of OMC highlights the drastic reduction in the overall material quality
caused by the combined action of plastic fines and moisture. Attention needs to be paid,
therefore, to the type of fines when one determines the maximum amount of fines allowed in any
aggregate layer. Specifying one limit for both nonplastic and plastic fines may lead to poor
performance, particularly in cases where plastic fines are introduced with high-moisture contents.
Figure 4.6 shows a similar plot for dolomite samples.
The effect of plastic fines on uncrushed gravel is shown in figure 4.7. The moisture density
curves exhibit similar trends to those observed with nonplastic fines (MDD decreases at very high
% fines). However, the CBR-moisture relationship exhibits a stronger effect of plastic fines on the
aggregate strength characteristics when compared to nonplastic fines.
4.3.3 Comparing Effects of Plastic and Nonplastic Fines
To compare and better evaluate the effects of type and amount of fines on aggregate strength, the
unsoaked CBR values of the three aggregate types at OMC were compared at different fines
contents. Figure 4.8 shows that for all aggregate types, CBR values for samples with plastic fines
were lower than those with nonplastic fines at high fines contents. For limestone and dolomite
samples, the same trend was observed even at low fines contents. The effect of plastic fines on
gravel, however, was not as pronounced at low fines contents. From the CBR results, it appears
that the effect of fines plasticity on aggregate behavior is significant only at high amounts of fines.
Therefore for unbound granular layers constructed with aggregate materials with low amount of
fines, no distinction needs to be drawn based on fines plasticity.
4.3.4 Comparing Effects of Crushed and Uncrushed Aggregates
Figure 4.8 also illustrates the contribution of particle shape and angularity on CBR behavior. For
the same fines percentage, the crushed stones (limestone and dolomite) exhibited higher unsoaked
CBR values than uncrushed gravel. This observation correlates to the ST and AI values reported
in Chapter 3. Limestone and dolomite, each of which comprised crushed particles with a rough
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Figure 4.6: Effect of Plastic Fines on Crushed Dolomite Moisture-Density and CBR
Characteristics (1 pcf = 0.157 kN/m3)
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Figure 4.7: Effect of Plastic Fines on Uncrushed Gravel Moisture-Density and CBR
Characteristics (1 pcf = 0.157 kN/m3)
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Figure 4.8: Variations of Unsoaked CBR with Fines Content at Woptfor the Three Aggregate
Types
surface texture, demonstrated better particle-to-particle contact in the aggregate skeleton. The
better interlock manifested itself in higher CBR values, which could be an indicator of the
shearing resistance of the material. This also reinforced the common observation that crushed
aggregate particles perform better in pavement systems than uncrushed particles as far as
shear-related failure is concerned. Limestone surpassed dolomite in CBR values attained beyond
a fines content of 13% (Figure 4.8). This may be explained by the slightly higher AI and ST
indices for limestone than for dolomite (Table 3.1). For limestone, higher angularity corresponded
to higher voids and greater tolerance to accommodate increased amounts of fines beyond 13%
without compromising aggregate-to-aggregate contact, which is essential for maintaining high
CBR values.
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4.3.5 Effect of Moisture Content
The effect of moisture content on CBR was studied by analyzing the change in CBR with fines
content for the three aggregate types tested at 90% wopt, 100% wopt, and 110% wopt, where
woptrepresents the optimum moisture content determined using the standard compaction method
[13]. These values for the limestone material are presented in Figure 4.9 which shows that the
CBR value at a given fines content is typically the lowest when the moisture content is at 110% of
wopt. Moreover, the figure also shows that samples having plastic fines at 110% of wopthad the
lowest CBR values. Thus for any pavement layer, the combination of plastic fines and high
moisture content will result in the lowest shear strength properties. Similar trends were observed
for the crushed dolomite and uncrushed gravel materials, and the test results are presented in
Figures 4.10, and 4.11,respectively.
Figure 4.9: Relationship between Unsoaked CBR and Percent Fines for Crushed Limestone
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Figure 4.10: Relationship between Unsoaked CBR and Percent Fines for Crushed Dolomite
4.3.6 Important Observations from Compaction and CBR Characterization
The following observations can be made from moisture-density and unsoaked CBR test results for
the three aggregate types at all possible combinations of the selected aggregate physical
properties.
1. Crushed aggregates exhibited higher tolerance to the amount of fines, and showed lower
moisture sensitivity even at high fines contents.
2. For nonplastic fines, the variation of CBR with moisture content was erratic and did not
indicate any significant trends at low fines contents. However at higher fines contents, CBR
values decreased rapidly with the increasing moisture.
3. The effect of fines plasticity on aggregate behavior was not very clear at low fines contents.
However, as the amount of fines in a matrix was increased, specimens with plastic fines
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Figure 4.11: Relationship between Unsoaked CBR and Percent Fines for Uncrushed Gravel
clearly showed poor performance compared to those with nonplastic fines.
4. The effect of moisture on aggregate behavior was clearly apparent for aggregates with high
fines. Specimens with high amounts of plastic fines showed the lowest inter-particle friction
in the presence of excess moisture.
5. Aggregate specifications currently used by transportation agencies therefore need to be
modified to consider the effect of the fines plasticity, and set different threshold limits for
nonplastic and plastic fines, as far as maximum allowable fines content in an aggregate
matrix is concerned.
The following section presents results from triaxial shear strength tests conducted on the three
aggregate types to quantify the change in aggregate shear resistance with induced changes in the
selected aggregate physical properties.
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4.4 Rapid Shear Strength Testing of Aggregates
To better evaluate the effects of different aggregate physical properties on shear strength
behavior, triaxial shear strength tests were conducted on the three aggregate materials. As
mentioned in Chapter 3, the test procedure followed, was that of “Rapid Shear Strength Test”,
commonly performed at the University of Illinois on pavement geomaterials. Three different
specimens were tested at confining pressures of 34.5, 69.0, and 103.5 kPa (5, 10, and 15 psi),
respectively to determine the shear strength properties at different combinations of the test
factors. The maximum deviator stress at failure, or the peak deviator stress value was used as an
indicator of aggregate shear strength. Detailed description of the test set-up used for shear
strength testing of the aggregates was presented in Chapter 3.
4.4.1 Sample Preparation and Test Procedure
The rapid shear strength tests were conducted on cylindrical specimens, 152 mm (6 in.) in
diameter by 305 mm (12 in.) in height, prepared using a split aluminum compaction mold. A
latex membrane was attached to the bottom platen and was folded over the split mold before
placing of the aggregate. The aggregate mixed with required amount of water, was compacted in
three equal lifts. Figure 4.12 shows the aluminum split mold as well as the assembled mold with
membrane ready for sample placement and compaction. A pneumatic vibratory compactor was
Figure 4.12: Split Mold Assembly Used Aggregate in Sample Preparation and Compaction
originally used for compacting the individual layers. However as the optimum moisture contents
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for the specimens were usually high (often as high as 10%), the vibratory compaction caused
excessive splashing of water, and resulted in free standing water on top of the specimen (see
Figure 4.13). To avoid such excessive moisture loss and subsequent effects on aggregate behavior,
the specimens were compacted using an impact hammer similar to the one used during the
standard compaction procedure [13]. It should be noted that such similarity between the
specimen preparation procedures would better correlate the moisture-density behavior with
strength and modulus results.
Figure 4.13: Free Standing Water on Top of Compaction Plate for Specimens at Woptand 110%
Wopt
Specimen density was calculated by measuring the weight of material and the compacted
thickness of each lift referenced to the top of the mold. Each lift was then scarified up to a depth
of approximately 12 mm (0.5 in.) before placing the next lift to ensure adequate interlayer
bonding. After compaction a second membrane was placed on the specimen to facilitate
application of vacuum and prevent air leakage in and out of the specimen. The load cell was then
placed on top of the specimen with the specimen sitting in the upright position in the acrylic
confining chamber of the triaxial setup. Before connecting the confining pressure, proper sealing
of the acrylic chamber wall was maintained with vacuum grease. Extreme care was taken to
reduce the time lag between removal of the compaction mold and testing of the specimen. This
was done to reduce the amount of moisture lost due to free drainage through the specimen.
Figure 4.14 shows some water lost from the specimen after the compaction mold was removed.
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Through extreme care, it was possible to reduce the amount of water loss, and to control the
difference between compaction water content and water content during the test. Figure 4.15
shows the deformed shape of the specimen after completion of the test.
Figure 4.14: Moisture Loss from Specimen upon Removal of Compaction Mold
Figure 4.15: Deformed Specimen after Completion of the Shear Strength Test
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4.4.2 Analyses of Triaxial Rapid Shear Strength Results
Table 4.2 lists the friction angle (φ) and cohesion intercepts (C) determined from rapid shear
strength testing of the three different aggregate types under different combinations of the test
factors. Although small changes induced in the test factor combinations were not directly
reflected from the shear strength parameter (C, φ) values, effects of drastic differences in material
quality were clearly apparent. For example as shown in Table 4.2, uncrushed gravel specimens
with high amounts of plastic fines resulted in the lowest friction angle (φ) values, particularly at
high moisture contents. Note that due to the “free-draining” nature of aggregate specimens with
low amounts of fines and associated variabilities induced in the shear strength properties, the
friction angle (φ) and cohesion intercepts (C) determined from the three specimens (tested at
confining pressures of 34.5, 69.0, and 103.5 kPa, respectively) were not always consistent. It was
therefore decided to use the average peak deviator stresses corresponding to the three confining
pressures to consistently compare strength characteristics and draw conclusions regarding the
effects of material type, amount of fines, type of fines, and moisture content on aggregate shear
strength. Significant trends observed in the strength behavior of the three aggregate materials are
presented below.
Table 4.3 lists the average peak deviator stress values for dolomite specimens with nonplastic
and plastic fines tested under optimum moisture conditions. The specimens with plastic fines
showed steady decrease in the average peak deviator stress at failure as the fines content
increased. However, an increase in nonplastic fines generally resulted in higher average peak
deviator stresses. The exception was between 8% and 12% fines content, where the shear strength
did not change considerably. These results were similar to the unsoaked CBR results presented in
Figure 4.2. For the dolomite specimens with nonplastic fines, even the unsoaked CBR value did
not change significantly when the fines contents changed from 8% to 12% (CBR value changed
from 73 to 65). At very low fines contents, there was no significant difference between the peak
deviator stresses for specimens that contained nonplastic fines and those that contained plastic
fines. As the fines content increased beyond 8%, however, the average peak deviator stress values
for the specimens with plastic fines became significantly lower than those with nonplastic fines.
These results will later be referred to in Chapter 5 while presenting the effects of type and
amount of fines on permanent deformation behavior. The effect of fines plasticity on shear
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Table 4.2: Shear Strength Properties for the Three Aggregate Types Tested in Rapid Shear
Strength Tests at Different Combinations of the Test Factors
Fines Fines Moisture
Limestone Dolomite Gravel
C φ C φ C φ
Plasticity Content (%) Condition (kPa) (deg) (kPa) (deg) (kPa) (deg)
Nonplastic
4
Dry 126.9 29.0 105.5 27.2 0.0 45.0
Optimum 97.9 35.6 55.2 46.7 39.3 35.9
Wet 57.9 41.8 117.2 30.8 48.3 34.0
8
Dry 35.2 47.0 13.8 47.3 11.0 40.5
Optimum 118.6 34.4 57.2 49.7 29.6 39.7
Wet 48.3 46.9 0.0 55.0 15.2 43.5
12
Dry 112.4 29.9 142.0 34.1 64.1 37.8
Optimum 35.2 47.0 44.1 51.2 8.3 42.7
Wet 0.0 51.7 84.1 42.6 51.0 32.9
16
Dry 140.0 32.6 122.0 39.1 44.1 40.5
Optimum 97.2 34.0 112.4 41.2 68.9 35.8
Wet 144.8 15.7 569.5 -34.2 0.0 39.7
Plastic
4
Dry 42.7 40.8 215.8 19.2 0.0 48.2
Optimum 101.4 37.0 116.5 33.2 14.5 34.2
Wet 100.7 35.3 73.8 43.0 39.3 38.3
8
Dry 0.0 52.2 83.4 38.8 38.6 38.5
Optimum 66.2 42.6 114.5 24.0 61.4 30.7
Wet 80.0 40.0 159.3 28.7 68.3 28.1
12
Dry 105.5 25.0 104.1 33.5 48.3 45.1
Optimum 36.5 43.6 192.4 0.6 103.4 16.9
Wet 62.1 33.9 43.4 42.7 38.6 34.0
16
Dry 48.3 49.3 66.2 39.6 51.7 42.1
Optimum 82.7 34.4 65.5 34.0 85.5 24.5
Wet 55.2 33.1 22.8 45.7 71.0 19.7
strength was therefore not pronounced at low fines contents (about 4%). As the amount of fines
increased, however, the type of fines tended to play a dominant role in governing aggregate
behavior. Large amounts of plastic fines, when combined with high moisture contents, would no
doubt result in the worst combination.
Table 4.4 lists the average peak deviator stresses for uncrushed gravel and crushed dolomite
specimens, all of which contained nonplastic fines and were tested on the dry side of optimum
moisture conditions. The crushed dolomite specimens had consistently higher strength values
than the uncrushed gravel specimens (similar to the results for unsoaked CBR). The differences
became even more pronounced as the fines percentage varied with the dolomite specimen
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Table 4.3: Effect of Fine Types on Peak Deviator Stress of Dolomite at Wopt
Target Fines Average Peak Deviator
Content Stress (kPa)
(%) Tested @ 100% Wopt





becoming almost twice as strong at 8% fines. It is also important to note that for uncrushed
gravel as the fines content increases beyond 12%, the shear strength started decreasing. However
for the crushed dolomite, there was an increase in shear strength even while going from 12% to
16% fines. This observation could be related to the compaction characteristics discussed earlier to
emphasize that crushed aggregates with high amount of voids in the matrix show higher tolerance
to change in fines contents. Irrespective of the type and amount of fines, aggregate shape and
angularity consistently played an important role in governing shear strength behavior (crushed
aggregates showed consistently higher shear strength compared to the uncrushed gravel).
Table 4.4: Effect of Aggregate Type on Average Peak Deviator Stress 90% Wopt
Nonplastic Average Peak Deviator
Fines Content Stress (kPa)
(%) Tested @ 90% Wopt





Similar to the observations made from the unsoaked CBR test results, the worst impact of
adding plastic fines at high moisture contents could be clearly seen from the shear strength test
results. Table 4.5 lists the average peak deviator stress values for the uncrushed gravel specimens
tested under wet of optimum conditions. For the nonplastic fines, the peak deviator stress started
to decrease once the fines content increased beyond 8%, and became more noticeable beyond 12%
fines. However for plastic fines, as the fines content increased from 4% to 8%, the average peak
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deviator stress, i.e. shear strength, dropped immediately.
Table 4.5: Effect of Fines Type on Gravel Peak Deviator Stress 110% Wopt
Target Fines Average Peak Deviator
Content Stress (kPa)






Table 4.6 captures the effect of moisture content on shear strength for limestone specimens
with nonplastic fines. Interestingly at low fines contents (4% and 8%), there was an apparent
increase in the average peak deviator stress values towards woptand a further decrease at 110% of
wopt. At 12% fines content, the peak deviator stress values under dry of optimum and optimum
moisture conditions were similar, and were higher than that for wet of optimum moisture
conditions. Finally for the specimens with 16% fines, the peak deviator stress value was highest
under dry of optimum conditions, and showed a continual decrease as the moisture content was
increased. This trend is often common with silty soils which exhibit a tremendous change in
strength from dry to wet of optimum conditions. It was obvious that for the specimens with 16%
fines, the effect of moisture was more significant as the fines occupied a significant portion of the
void structure, and reduced the inter particle friction in the presence of excessive moisture.
Therefore, combined presence of excess moisture and high fines deteriorates aggregate shear
strength significantly, even for crushed aggregates with nonplastic fines.
4.5 Summary
This chapter evaluated the effects of individual aggregate physical properties (test factors) on the
moisture-density, CBR and shear strength characteristics of the three aggregate types. On the
basis of the unsoaked CBR and shear strength tests, the most significant factor affecting aggregate
behavior was the aggregate type that governed angularity (i.e., crushed or uncrushed particles).
Unless all voids in aggregate matrix were completely filled with fines, particle angularity typically
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Table 4.6: Effect of Moisture Content on the Shear Strength of Crushed Limestone Specimens
with Nonplastic Fines
Nonplastic
Fines Content Average Peak Deviator Stress (kPa)
(%)
90% Wopt 100% Wopt 110% Wopt
4 544.7 641.2 519.9
8 456.4 596.4 554.3
12 526.1 528.8 406.8
16 666.0 601.9 431.6
governed the shear strength, and aggregates with crushed particles showed consistently higher
shear strength compared to the uncrushed gravel. Moreover, crushed aggregates showed higher
tolerance to changes in fines content owing to the higher amount of voids in the matrix.
The difference between nonplastic and plastic fines was not clear when the aggregate matrix
comprised low amount of fines. However as the amount of fines in the matrix was increased, the
effect of fines plasticity on aggregate behavior became more apparent. For example, high amounts
plastic fines had a drastic effect on aggregate shear strength, whereas increased amounts of
nonplastic fines did not cause significant reduction in aggregate shear strength. Therefore, the
distinction between nonplastic and plastic fines needs to be emphasized when the aggregate
matrix comprises significant amount of fines.
The effect of excess moisture on aggregate behavior was not very clear at low fines contents.
This was primarily due to the free draining nature of the aggregate matrix that was not capable
of retaining the excessive moisture. However at higher fines contents, the effect of moisture
became clearly evident. High amounts of plastic fines with excessive moisture presented the worst
combination as far as the effect on aggregate shear strength was concerned. However, even
specimens with high amounts of nonplastic fines showed rapid reduction in shear strength in the
presence of excessive moisture.
From the compaction and shear strength test results presented above, it was clear that careful
attention should be given to particle shape and to the types and amounts of fines when selecting
aggregate materials for unsurfaced pavement applications. The use of crushed aggregates should
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always be encouraged irrespective of the type and amount of fines. At low fines contents, the type
of fines is not likely to play an important role. However as the amount of fines increases, plastic
fines found in nature may cause aggregate performance to deteriorate much faster than nonplastic
fines. High percentages of plastic fines combined with greater than optimum moisture contents




REPEATED LOAD TRIAXIAL TESTING
5.1 Introduction
Repeated load triaxial testing of pavement geomaterials plays an important role in evaluating
modulus-deformation characteristics in the laboratory. Both the resilient and permanent
deformation behavior of pavement geomaterials can be quantified in the laboratory from
appropriate repeated load testing data. Resilient behavior is typically realized after the specimen
is shaken down during the conditioning stage, which may be used to generate the permanent
deformation evaluation data for the materials tested. Note that in a well-designed pavement
system, the permanent strain accumulated per load cycle is usually very small compared to the
total strain.
This chapter presents results from repeated load triaxial tests conducted in the laboratory to
characterize the permanent deformation and directional modulus behavior of aggregates at
different combinations of aggregate physical properties (test factors). Test results are interpreted
for significant trends identified in aggregate permanent deformation and resilient modulus
characteristics and possible causes for differences in aggregate behavior are investigated.
Commonly used models to characterize the resilient and permanent deformation behavior of
aggregates were fitted to the laboratory test results, and the model parameter values were
calculated for different combinations of the test factors. Analysis of Variance (ANOVA) on the
This chapter includes results already reported in the following publications. Contribution of the coauthors is
sincerely acknowledged:
1. Mishra, D., and Tutumluer, E.;“Aggregate Physical Properties Affecting Modulus and Deformation Char-
acteristics of Unsurfaced Pavements”; Accepted for Publication in the ASCE Journal of Materials in Civil
Engineering (Manuscript Submission: March-2011).
2. Mishra, D., Tutumluer, E. Butt, A. A., and Kern, J.; “Characterizing Aggregate Permanent Deformation
Behavior based on Types and Amounts of Fines”; In Proceedings of the 8th International Conference on
Bearing Capacity of Roads, Railways and Airfields, Champaign, IL, 2009, pp. 237-246.
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model parameters was conducted to identify significant effects of variations in the test factors.
The applicability of anisotropic modulus ratio (defined as the ratio of horizontal to vertical
resilient modulus values) as a material quality indicator is evaluated using directional modulus
test results. Finally, the effect of compaction conditions on anisotropic modulus ratios is analyzed
to establish a link with aggregate performance under loading.
5.2 Characterization of Permanent Deformation and Directional Modulus
Behavior
As already discussed in Chapter 3, permanent deformation trends in the aggregate materials were
evaluated using 1,000 load applications during the conditioning phase specified in the AASHTO
T 307 [90] resilient modulus test protocol. The aggregate specimens were subsequently tested for
directional modulus behavior through independent pulsed load applications in the vertical and
horizontal directions, each applied at 15 different stress states specified in AASHTO T 307 [90].
This chapter first presents details on the specimen preparation procedure for repeated load
triaxial testing of the aggregates at different combinations of the test factors. This is followed by
analyses of permanent deformation and resilient modulus test results.
5.3 Specimen Preparation and Test Procedures
The University of Illinois FastCell (UI-FastCell) device was used for conducting repeated load
triaxial testing on aggregates at different combinations of the test factors under investigation.
Cylindrical specimens, 150 mm in diameter by 150 mm in height (∼ 6 in. × 6 in.), were prepared
in a split mold to be tested in the confinement chamber of the UI-FastCell under repeated
loading. A latex membrane attached to the bottom platen with an o-ring was folded over the top
of the split mold, and secured with a second o-ring. A vacuum line was used to hold the
membrane tight against the mold. A non woven geofabric was placed on top of the bottom platen
to prevent clogging of the drainage port. The aggregate material, mixed with required amounts of
water was placed in the mold in three (for standard compaction conditoins) or five (for modified
compaction condition) lifts, and compacted using both an impact and vibratory hammer.
Specimen density was calculated by measuring the weight of material and the compacted
thickness of each lift referenced to the top of the mold. Each lift was then scarified up to a depth
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of approximately 12 mm (∼ 0.5 in.) before placing the next lift. After compaction, the vacuum
was removed from the split mold and applied to the bottom of the platen to create suction
through the specimen, thereby causing a confinement by the membrane.
The loading platen was then placed on top of the specimen and a second latex membrane
(0.3-mm thick) was placed on the specimen and secured to the top and bottom platens with
o-rings. The second membrane was required because the first membrane was often punctured
during compaction of the specimen. Next, the specimen was placed under the loading ram and
the confining cell was lowered around the specimen. Figure 5.1 shows pictures of (a) sample
compaction within the split mold, (b) compacted specimen in place for testing with the loading
ram lowered, and (c) the confining chamber lowered around the specimen ready for testing.
Important trends observed from permanent deformation and directional modulus testing of the
aggregate materials, are presented in the sections below.
Figure 5.1: (a) Specimen Preparation; (b) Specimen in Place for Testing; and (c) Assembled
UI-FastCell Repeated Load Triaxial Test Device
5.4 Permanent Deformation Test Results
As mentioned in Chapter 3, permanent deformation tests were conducted on triaxial cylindrical
specimens through the application of 1,000 cycles of haversine dynamic pulse loading applied at
0.1 seconds with a 0.9 seconds rest period at a confining stress level of 103 kPa (15 psi) and an
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axial deviator stress of 103 kPa (15 psi) similar to AASHTO T 307 [90]. The accumulation of
permanent deformation was recorded for each load cycle. Note that permanent deformation
behavior of an unbound aggregate layer is the most important performance indicator in the field,
as it plays a significant role in governing the mobility of construction equipment (for construction
platforms) and performance under heavy traffic (for unsurfaced road).
As observed from the moisture-density and unsoaked CBR test results reported in Chapter 4,
the crushed limestone and dolomite materials performed similar in most of the cases. Moreover,
the imaging based aggregate shape, texture and angularity indices (reported in Chapter 3), also
showed significantly higher values for the crushed aggregates compared to the uncrushed gravel.
Based on these observations, it was predicted that the permanent deformation characteristics for
limestone and dolomite would also be somewhat similar. This was verified by first comparing the
permanent deformation behavior of crushed dolomite and limestone specimens at different test
factor combinations.
Figures 5.2 and 5.3 compare the permanent deformation trends of crushed dolomite and
limestone specimens tested under two different test factor combinations. Figure 5.2 shows the
comparative behavior for specimens with 4% nonplastic (target) fines tested at 90% of standard
compactive effort optimum moisture content (Wopt), while Figure 5.3 shows the same for
specimens containing 8% nonplastic fines tested at 100% Wopt. Interestingly, both figures
indicate similar permanent deformation trends for the two aggregate types with dolomite giving
slightly higher permanent deformations, which may be attributed to the slightly lower angularity
and surface texture AI and ST indices reported in Chapter 3. Although the magnitudes of
permanent deformation were slightly different for the two aggregate types, the trends in behavior
with change in different aggregate properties were similar. Therefore, to present more
conservative results of crushed aggregate materials and for the sake of brevity, test results for
dolomite samples will only be presented in this chapter. Note that since the dolomite aggregates
were received as washed materials from the quarry, the amount of fines during specimen
preparation could be controlled very accurately for comparison across specimens.
Figure 5.4 shows the effect of increasing amounts of nonplastic fines on the permanent
deformation behavior of crushed dolomite specimens tested under dry of optimum moisture
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Figure 5.2: Comparing Permanent Deformation Trends in Limestone and Dolomite Materials
with 4% Nonplastic Fines Tested at 90% of Wopt
Figure 5.3: Comparing Permanent Deformation Trends in Limestone and Dolomite Materials
with 8% Nonplastic Fines Tested at 100% Wopt
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conditions (90% Wopt). Note that the permanent deformation values recorded for the specimen
with 8% fines were lower than those for the specimen with 4% fines. However as the fines content
increased from 8% to 12% and then subsequently to 16%, the permanent deformation values
increased significantly. The exact same trend was observed for the dolomite specimens with
nonplastic fines tested under optimum (Wopt) as well as at wet of optimum (110% Wopt)
moisture conditions (see Figures 5.5 and 5.6). This behavior at relatively low fines contents was
attributed to the unstable aggregate matrix and the presence of high void space in crushed
dolomite specimens. As the amount of fines increased, the voids were gradually filled up to
provide better packing of particles. However as the fines content was increased beyond 8%, the
fines occupied a significant portion of the total void space and started affecting aggregate
behavior through reduction of inter-particle contact. This resulted in the permanent deformation
value at 12% fines becoming higher than that at 8% fines. Moreover, the permanent deformation
at 16% fines was drastically higher and might lead to failure of such an aggregate layer in the
field. These preliminary observations suggested 8% fines as the optimum fines content for crushed
aggregates, and were in agreement with the recommendation made by Tutumluer and Seyhan [92]
that an acceptable limit for nonplastic fines should be set around 7 to 8% for crushed aggregate
layers. Moreover, better performances of specimens with 8% fines compared to those with 4%
fines emphasized the role of fines in an aggregate matrix. Aggregate materials with very-low to no
fines can exhibit unstable behavior and undergo significant permanent deformation due to
particle movement and rearrangement.
Figure 5.7 presents the permanent deformation test results for uncrushed gravel specimens with
nonplastic fines tested under dry of optimum moisture conditions. From the figure, the
permanent deformation values increased consistently when the amount of fines was increased.
Unlike in the case of the crushed dolomite, the uncrushed gravel aggregate matrix did not show
lower permanent deformation values at 8% fines when compared to the case at 4% fines. The
exact same trend was observed for uncrushed gravel specimens with plastic fines.
Figure 5.8 compares the permanent deformation trends of uncrushed gravel and crushed
dolomite specimens. Both dolomite and gravel permanent deformation curves are plotted for
specimens with 4% and 8% nonplastic fines tested under dry of optimum moisture conditions.
Note that at 4% fines content, the crushed dolomite specimen accumulated much higher
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Figure 5.4: Percent Nonplastic Fines Affecting Permanent Deformation Behavior of Crushed
Dolomite Specimens Tested at 90% of Wopt
Figure 5.5: Percent Nonplastic Fines Affecting Permanent Deformation Behavior of Crushed
Dolomite Specimens Tested at 100% Wopt
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Figure 5.6: Percent Nonplastic Fines Affecting Permanent Deformation Behavior of Crushed
Dolomite Specimens, Tested at 110% of Wopt
Figure 5.7: Percent Nonplastic Fines Affecting Permanent Deformation of Uncrushed Gravel at
90% of Wopt
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permanent deformations when compared to the uncrushed gravel specimen. The interpretation of
results shown in Figure 5.8 was that at 4% fines, the crushed dolomite aggregate matrix
contained higher void space, and therefore the aggregate particles rearranged themselves to
achieve a more stable configuration. As the amount of fines increased to 8%, permanent
deformation values for the uncrushed gravel specimen became higher than those for the crushed
dolomite. This implies that when the amount of fines is somewhat low, crushed aggregates may
show higher permanent deformation values than uncrushed aggregates due to lower packing
orders. Standard compactive efforts are often unable to bring the crushed aggregate matrix to the
densest configuration at low fines contents. Therefore, some rearrangement may take place under
the application of traffic and as such, aggregate layers containing crushed particles should be
better shaken down under construction equipment and traffic.
Figure 5.8: A Comparison of the Permanent Deformation Trends of Uncrushed Gravel and
Crushed Dolomite Specimens Tested at 90% of Wopt
By comparing the dry of optimum and optimum curves given in Chapter 4, it can be clearly
seen that when the fines contents were in a range such that most of the voids in the aggregate
matrix were not filled with fines, the effect of moisture was not as significant and therefore the
permanent deformation values were not affected as much. However as the amount of fines was
increased, the effect of moisture became much more apparent. This was particularly noticeable
for the specimen with 16% fines. Although the optimum moisture condition corresponds to the
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maximum dry density from the compaction curves, the most resistance to permanent deformation
may not necessarily be at the optimum moisture condition. Often, granular materials compacted
on slightly dry side of optimum have higher shear strength properties and therefore, attaining a
certain compaction such as maximum density alone may not always be a sufficient performance
indicator in the field.
5.4.1 Effects of Aggregate Angularity and Plasticity of Fines
To better understand the suitability of different aggregate types for unsurfaced pavement
applications, it was important to evaluate the relative impacts of the different test matrix
variables on the permanent deformation behavior of the three aggregate types. For this purpose,
Figure 5.9 compares the relative impact levels of aggregate angularity and plasticity of fines on
permanent deformation behavior. The crushed dolomite specimen with 8% nonplastic fines tested
under dry of optimum (90% Wopt) moisture conditions was considered here as the reference
curve. To compare the effect of aggregate type or angularity on permanent deformation behavior,
test results for the uncrushed gravel were also plotted under the same conditions. Note that the
uncrushed gravel specimen showed higher permanent deformation accumulations compared to the
crushed dolomite indicating that particle angularity was an important factor governing aggregate
behavior. On the other hand, for the dolomite specimen also tested with plastic fines under the
exact same conditions, the test results clearly showed that plastic fines resulted in the highest
permanent deformations. This implied that in the presence of moderately high amounts of fines,
the type of fines may play a more significant role compared to aggregate angularity or type as far
as governing the permanent deformation behavior is concerned.
Figure 5.10 shows a similar comparison for aggregate specimens with 12% target fines tested on
the wet side (110% Wopt) of optimum moisture conditions. A drastic deterioration in aggregate
performance could be clearly seen when excess moisture was introduced in the specimen with
high amounts of plastic fines. The gravel specimen with 12% nonplastic fines tested at 110% of
optimum moisture content was used here as the reference curve. As the aggregate type was
changed to crushed dolomite (all the other parameters remaining the same), there was no
significant change in the permanent deformation behavior. However as the type of fines was
changed from nonplastic to plastic (curve plotted for gravel with 12% target plastic fines tested at
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Figure 5.9: Relative Effects of Particle Angularity and Plasticity of Fines Evaluated at 90% of
Woptthrough Comparison of Uncrushed Gravel and Crushed Dolomite Specimens
110% of wopt), there was a significantly higher rate of permanent deformation accumulation.
Figure 5.10: Relative Effects of Angularity and Plasticity of Fines Evaluated at 110% of Wopt
The effects of increasing percent fines on the permanent deformation behavior can be quite
different depending on the void structure of the aggregate matrix and whether the aggregate
particles are crushed or uncrushed. As for the implications of these experimental findings, the
amount of fines may often vary in actual aggregate mixes delivered to construction sites.
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Accordingly, different limits may need to be set for the maximum amount of fines permitted in
the gradation depending on whether the aggregate material is crushed or uncrushed for the best
field performance. When plastic fines are introduced with excessive moisture, the aggregate layer
strength may be dramatically reduced. Further, when high amounts of fines (whether nonplastic
or plastic) are considered at elevated moisture levels, the angular particles alone can no longer
govern the behavior, i.e. both uncrushed and crushed aggregates may behave similarly. Then, the
types and amounts of fines and the moisture conditions may primarily dictate the behavior.
5.4.2 Effects of Moisture Content and Plasticity of Fines
Figure 5.11 compares the relative impacts of moisture content and plasticity of fines on aggregate
permanent deformation behavior. The comparisons are presented for crushed dolomite specimens
with 12% fines and the reference curve is for nonplastic fines tested at 90% of Wopt. As the
moisture content was increased to 110% of Wopt, the permanent deformation values increased by
approximately 25%. This showed the adverse effect of moisture even on nonplastic fines at
relatively high fines contents. However, if the type of fines was changed from nonplastic to plastic
(represented by curves of dolomite with 12% plastic fines tested at Woptand 90% of Wopt), the
permanent deformation values increased even more dramatically. This clearly indicated that
increase in moisture content was not as critical for nonplastic fines when compared to the case of
plastic fines. These results combined with the previously reported ones in Figure 5.10 indicated
that the control of moisture is much more important for aggregate layers containing plastic fines
than for those containing nonplastic fines. Moreover as previously mentioned, optimum moisture
conditions may not always lead to better performance in aggregate materials comprising high
amounts of fines. The amount of moisture plays a more important role for such materials, and
better performance is almost always realized for specimens with lower amount of moisture
accessible to the fine particles. Moisture control and drainage provisions become critical aspects
for unsurfaced pavement performance, especially in the presence of plastic fines.
5.4.3 Summary of Findings from Permanent Deformation Testing
From the permanent deformation tests conducted on the three aggregate types at different
combinations of the aggregate physical properties (test factors) of interest, it appears that the
most important parameter at low fines (passing No. 200 sieve size or smaller than 0.075 mm)
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Figure 5.11: Relative Effects of Varying Moisture Content and Plasticity of Fines at 12% Fines
Content Presented for Crushed Dolomite
contents was the aggregate type governing the angularity, i.e. crushed or uncrushed particles.
Unless all voids in aggregate matrix were completely filled with fines, particle angularity, i.e.
crushed or uncrushed particles, typically governed the permanent deformation behavior. The
second most important parameter that affected aggregate behavior was the plasticity of fines.
High amounts of plastic fines, at wet of optimum moisture conditions were found to quickly
deteriorate the aggregate load transfer matrix thus resulting in excessive permanent deformations.
The effect of moisture content on aggregate performance varied significantly depending on the
amount and plasticity of fines. For low percentages of nonplastic fines, moisture content did not
have a significant effect on aggregate performance, and often aggregate type or angularity was the
most important factor. However, for aggregates with plastic fines, moisture became the most
important factor that governed aggregate behavior.
5.5 Directional Modulus Testing of Aggregates
Starting with the 1986 AASHTO Pavement Design Guide [94], resilient modulus has been used to
characterize the stiffness behavior of subgrade soil and granular base/subbase layers subjected to
repeated traffic loading. With the routine use of resilient modulus as a primary input into
mechanistic-empirical pavement design procedures, many state highway agencies are now making
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an effort to establish the appropriate “resilient modulus” inputs for granular materials and
subgrade soils. It should be noted that rutting is primarily controlled by shear strength, and
therefore, resilient modulus is not a performance indicator of an aggregate layer. However as a
measure of a material’s ability to withstand repeated loading and protecting the subgrade from
excessive stress levels, resilient modulus plays an integral part in the thickness design and long
term performance of a pavement.
The directional modulus testing using the UI-FastCell under vertical or horizontal dynamic
(pulsed) loads was successfully applied in the past to evaluate aggregate response and
performance [91, 95]. Horizontal to vertical directional modulus ratios (Modulus Ratio =
MhR/M
v
R) are determined by applying horizontal pulsing only to determine horizontal modulus
and vertical pulsing only to determine vertical modulus, respectively. Detailed analyses of the test
data by Seyhan and Tutumluer [91] indicated that these modulus ratios could serve as aggregate
performance indicators for determining the quality and strength properties of aggregates under
various field-loading conditions and hence could be used to predict rutting potentials of
aggregates.
After initial conditioning, directional resilient modulus tests were performed by independent
pulsed load application on the specimens first in the axial direction followed by pulsing in the
radial directions [95]. The 15 stress states specified in AASHTO T 307 were used for pulsing in
the axial as well as radial directions. The vertical and horizontal moduli values were calculated


















× [σ3d × (1− ν)] (5.4)
where 1 = Recorded axial strain;
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3= Recorded radial strain;
ν = Poisson’s ratio;
σ1d = Applied axial (pulsed) deviator stress;
σ3d = Applied radial (pulsed) deviator stress;
MvR = Resilient modulus in vertical direction;
MhR = Resilient modulus in horizontal direction.
Note that for an isotropic material, MvR = M
h
R = MR
5.6 Effect of Aggregate Physical Properties on Resilient Modulus
5.6.1 Effect of Particle Shape and Angularity
Figure 5.12 shows the effect of aggregate type or angularity on laboratory-determined resilient
modulus characteristics. The resilient moduli were computed at the applied 15 stress states with
pulsed deviator stresses applied in the axial direction for the dolomite and gravel both containing
8% plastic fines and tested under dry of optimum moisture conditions. The crushed dolomite
specimen showed consistently higher resilient modulus values when compared to the uncrushed
gravel. Moreover, at low values of bulk stress (θ, or first stress invariant), there were no
significant differences between the resilient moduli obtained for the crushed and uncrushed
aggregate particles. However as the bulk stress value increased, the differences in the resilient
response became more apparent. The crushed dolomite material exhibited higher stress hardening
behavior compared to the uncrushed gravel. The exact same trend can be seen in Figure 5.13,
which shows the crushed limestone and uncrushed gravel materials containing 12% target
nonplastic fines tested under dry of optimum conditions.
5.6.2 Effect of Fines Content
Figure 5.14 shows the effect of fines content on the resilient behavior of the crushed dolomite
material tested with plastic fines under dry of optimum moisture conditions. Note that an
increase in the amount of fines from 8% to 12% did not cause any significant difference in the
resilient modulus behavior. However when higher bulk stress levels were applied, the specimen
with 12% fines resulted in slightly lower modulus values compared to the one with 8% fines. This
showed that the slight increase in fines content did not have a noticeable effect on the resilient
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Figure 5.12: Compared Resilient Responses of Uncrushed Gravel and Crushed Dolomite Materials
with 8% Plastic Fines Tested at 90% of Wopt
modulus values. However when the amount of fines was changed drastically, the resilient behavior
underwent significant changes. This can be clearly shown by plotting the resilient modulus curves
for the uncrushed gravel material (see Figure 5.15) tested with 4% and 16% plastic fines under
optimum moisture conditions. From Figure 5.15, it can be clearly seen that increasing the fines
percentage drastically did have a significant damaging effect on the load dissipating ability of
aggregates. Therefore as far as resilient behavior is concerned, the impact of fines was noticeable
only when the fines content was changed by a significant percentage.
5.7 Modeling Repeated Load Behavior of Aggregates
To compare the resilient responses of the three aggregate types at different combinations of the
test factors numerically, two different models commonly used to characterize the nonlinear stress
dependent resilient behavior of unbound aggregates were fitted to the MRtest results. Resilient
modulus model parameters serve as essential layer inputs for mechanistic-empirical (M-E)
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Figure 5.13: Compared Resilient Responses of Uncrushed Gravel and Crushed Limestone
Materials with 12% Nonplastic Fines Tested at 90% Wopt
pavement analysis and design procedures, such as in the Level 1 analysis of the hierarchical
MEPDG material property assignments, and they can be linked to aggregate physical properties.
The models selected in this research study were: K-θ [17] and the MEPDG [24] models. As
discussed in Chapter 2, the K-θ model simply correlates the resilient modulus to bulk stress (first
stress invariant) without considering the applied shear stress levels, and can be used to model the
stress hardening behavior of unbound aggregate materials. The MEPDG model on the other
hand, incorporates shear stress effects, and can model the stress hardening as well as stress
softening behavior of geomaterials [24]. Equations 5.5 and 5.6 show the K-θ and MEPDG

















Figure 5.14: Amount of Fines Affecting Resilient Response of Crushed Dolomite Specimens under
Dry of Optimum Moisture Conditions
where MR= Resilient modulus;
θ = σd + 3σ3 = Bulk stress or First Stress Invariant;
σd = Deviator stress;





(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2 = Octahedral shear stress;
σ1 = Major principal stress;
σ2, σ3 = Intermediate and Minor principal stresses;
pa= Atmospheric pressure (101.3 kPa, or 14.7 psi);
p0 = Unit pressure;
K,n = Model parameters obtained from linear regression;
kx, ky, kz= Model parameters obtained from multiple linear regression
Moreover, permanent deformation test results from the initial conditioning stage of the
MRtests were used to develop the commonly used phenomenological model, p = AN
b proposed
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Figure 5.15: Percentage of Fines Affecting Resilient Response of Gravel Material
by Monismith [35], where: p is the permanent strain; N is the number of load applications; A
and b are linear regression parameters.
Table 5.1 lists the MRand p characterization model parameters determined from laboratory
testing of the three aggregate types under optimum moisture (Wopt) conditions. As listed in
Table 5.1, the effects of type and amount of fines were different on different material
characterization model parameters. The most significant effect was noticed on the K parameter
of the K-θ model, with the value ranging from 1766 kPa to 14,679 kPa. The n parameter varied
between 0.464 and 0.767. High values for the K parameter usually corresponded to low values for
the n parameter. These results were in agreement with findings by Rada and Witczak [18], who
reported an inverse power relationship between K and n, where an increase in the K parameter
was often accompanied by a reduction in the n parameter. In their comprehensive study of
granular material MRtest results, Rada and Witczak [18] reported higher K values of the K-θ
model for “higher quality” granular materials such as crushed stone. As given in Table 5.1, the
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highest values for the K parameter (at Wopt) were obtained for the crushed dolomite with 8%
nonplastic fines, whereas the two lowest K values were determined for the uncrushed gravel with
12% nonplastic (1766 kPa) and plastic (1816 kPa) fines. As a crushed dolomite with 8% fines is
usually expected to perform better than an uncrushed gravel with 12% fines, the laboratory test
results confirmed the trend of higher K values for “better quality” aggregates. Variation in the k1
parameter (MEPDG model) was not as pronounced as the K parameter (K-θ model).
Table 5.1: Material Characterization Model Parameters under Standard Compactive Effort
(ASTM D 698) OMC and MDD Conditions
Aggregate
Aggregate Properties Resilient Modulus Perm. Deformation
Type
Plasticity Target K-θ Model MEPDG Model AN b Model
Index Fines K
n k1 k2 k3
A
b
(PI) (%) (kPa) (x 10−3)
Dolomite
Nonplastic
4 11217 0.529 1339 0.622 -0.359 0.631 0.187
8 14679 0.490 1475 0.598 -0.418 0.526 0.183
12 11772 0.493 1188 0.586 -0.364 0.924 0.216
16 2217 0.767 814 0.908 -0.550 1.483 0.281
Plastic
4 11704 0.532 1438 0.654 -0.472 0.959 0.150
8 13070 0.498 1349 0.587 -0.348 0.740 0.156
12 Specimen Failed During Testing
16 5634 0.562 758 0.595 -0.129 1.922 0.252
Limestone
Nonplastic
4 12658 0.522 1455 0.609 -0.340 0.454 0.172
8 11003 0.533 1343 0.639 -0.416 0.507 0.171
12 12495 0.508 1345 0.591 -0.322 0.552 0.180
16 11559 0.508 1239 0.581 -0.283 0.860 0.174
Plastic
4 Specimen Failed During Testing
8 11724 0.523 1380 0.640 -0.455 0.640 0.168
12 13449 0.464 1182 0.547 -0.322 1.104 0.163
16 11000 0.502 1151 0.585 -0.323 1.093 0.170
Gravel
Nonplastic
4 7852 0.547 1001 0.608 -0.236 0.013 0.582
8 6616 0.552 874 0.634 -0.317 0.953 0.149
12 1766 0.759 611 0.857 -0.380 1.503 0.187
16 Specimen Failed During Testing
Plastic
4 4880 0.620 893 0.727 -0.414 0.944 0.149
8 3591 0.660 788 0.761 -0.392 1.077 0.154
12 1816 0.743 584 0.841 -0.380 1.463 0.167
16 2185 0.703 591 0.825 -0.473 2.051 0.156
Figure 5.16 shows the functional relationship between K and n, with a coefficient of
determination (R2) value of 0.68, proposed by Rada and Witczak from statistical analyses of
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laboratory MRtest results on various aggregate materials [18]. In comparison, the K-n
relationship obtained from the current laboratory study can be seen in Figure 5.17 with a
coefficient of determination (R2) of 0.92. The significant increase in R2 value over that reported
by Rada and Witczak [18] was primarily achieved through elimination of inter-laboratory,
inter-equipment and inter-operator variabilities. Existence of such a strong K-θ model parameter
relationship can be particularly useful in pavement structural evaluation and layer moduli
estimation through Falling Weight Deflectometer (FWD) based backcalculation algorithms [96].
The functional relationship between model parameters can be used to reduce the number of
variables in the backcalculation scheme and thus will enhance the practicality and efficiency of
the algorithm. Further, development of such functional relationships for locally available
materials can greatly assist transportation agencies in pavement structural condition assessment
and design of overlays.
5.8 Analyses of Variance on Material Behavior Model Parameters
The previous sections presented the effects of different aggregate physical properties on
permanent deformation and resilient modulus behavior of the aggregates tested under the scope
of the current research study. A statistical approach for checking the significance of these
different aggregate properties on mechanistic response and performance is by conducting Analyses
of Variance (ANOVA) on the MRand p material characterization model parameters. Effects of
each of the four classification variables in ANOVA, i.e., aggregate angularity, amount of fines,
type of fines, and moisture condition were individually studied on the following model
parameters: K, n (K-θ model), k1, k2, k3 (MEPDG model), and A, b (phenomenological
permanent strain model). The statistical software package SASTMwas used for analyzing the
data. The effects of individual aggregate properties on any given model parameter were found to
be interacting with each other. For example, the effect of amount of fines on the model
parameters changed depending on the moisture condition, as well as the type of fines. This is in
agreement with some of the results established in the previous sections. Therefore to identify the
individual effects of material physical properties on the MRand p model parameters, each factor
was considered separately as classification variables and averaged over all possible combinations
of the other properties. The significance of each classification variable was checked at a type-I
error level (α) of 0.05. Table 5.2 summarizes the findings from the ANOVA results. A cell marked
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means that a particular aggregate property had a significant effect on the model parameter
in question, whereas a cell marked by ‘–’ means, the effect was insignificant at α = 0.05. Main
findings from the ANOVA results are discussed below.
5.8.1 Particle Shape
ANOVA results for particle shape (crushed vs. uncrushed) showed that both K and k1
parameters are affected significantly by particle shape. In other words, the K and k1 values for
crushed aggregates were significantly different (higher in this case) than those for the uncrushed
gravel. This observation was in agreement with previously reported research findings [11, 62, 68].
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Figure 5.17: Relationships between K and n Parameters of the K- θ Model Developed from the
Laboratory Test Results on Uncrushed Gravel, and Crushed Limestone and Dolomite Materials


















k3 εp = AN
b





— — — —




Fines Content — — — — —
√
—
Plasticity of Fines — — — — —
√ √






: Significant Effect at α = 0.05
103
Unbound aggregate layers having crushed particles have been consistently found to perform
superior compared to those with uncrushed particles in terms of providing a stiffer layer for load
distribution. However, particle shape was not found to have a significant effect on the permanent
deformation model parameters (A and b).
5.8.2 Fines Content
The effect of fines content (4%, 8%, 12%, and 16%) on MRmodel parameters was found to be
insignificant from the ANOVA results. However, fines content did have a significant effect on the
“A” parameter used to characterize permanent deformation. This was in agreement with the
permanent deformation results presented earlier in this chapter; a drastic change in permanent
deformation accumulation occurred with changes in fines contents. The ANOVA results
emphasize the point that although an increase in fines content may not lead to significant
differences in the resilient modulus behavior (and hence the layer’s ability to protect the
subgrade), it can still lead to unacceptable permanent deformation within the aggregate layer
leading to internal shear failure [88, 97].
5.8.3 Plasticity of Fines
Similar to the amount of fines, plasticity of fines did not have a significant effect on the MRmodel
parameters. However, its effect on permanent deformation model parameters (both A and b in
this case) was found to be quite significant. This means, although plastic fines may not influence
the stiffness of an aggregate layer significantly, they will lead to high shear deformations within
the aggregate layer, resulting in excessive rutting and potential bearing capacity type shear
failures at extreme conditions.
5.8.4 Low vs. High Fines
Based on the laboratory test results, different threshold values for the amount of fines were set for
crushed and uncrushed aggregates to define “low” and “high” fines contents. For crushed
aggregates (dolomite and limestone), specimens with up to 8% fines were categorized as having
“low” fines, whereas for the uncrushed gravel, specimens with only up to 4% fines was categorized
as “low” fines. This was based on the apparent stabilization effect around 8% fines for crushed
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materials, and the absence of such effect in uncrushed gravel as shown in Figures 5.4 and 5.7.
ANOVA results showed that materials with “low” vs. “high” fines exhibited significantly different
k1 and A values. This means, based on the stability of the aggregate matrix, unbound aggregate
layers in the field would show significantly different modulus and permanent deformation trends.
Such a classification to distinguish between aggregate matrices with “low” vs. “high” fines can be
used in the development of material quality specifications used by state and national
transportation agencies.
5.9 Aggregate Physical Properties Affecting Modulus Anisotropy
This section investigates the effects of aggregate physical properties (test factors) on modulus
anisotropy of the aggregate materials. As already mentioned in Section 5.5, directional modulus
tests were successfully used in the past to develop horizontal to vertical modulus ratios for
different qualities of aggregates and relate them to strength characteristics [91, 92, 95].
5.9.1 Effect of Particle Shape and Angularity
Figures 5.18 and 5.19 show the vertical and horizontal directional modulus values for the crushed
dolomite and uncrushed gravel materials respectively, both containing 8% (target) nonplastic fines
tested under optimum moisture (Wopt) conditions. The vertical moduli are indicated with solid
lines and the horizontal moduli with dashed lines at each of the 5 AASHTO T 307 [90] confining
pressure values (all around hydrostatic pressure, σs). From the figures, it can be seen that for
both the materials, the vertical modulus values were consistently higher than the horizontal ones.
Moreover, the modulus values for the crushed dolomite material were consistently higher than
those for the uncrushed gravel. The horizontal modulus values for the uncrushed gravel with 8%
nonplastic fines decreased with increasing deviator stresses (stress-softening behavior), whereas no
such significant decrease in horizontal moduli was observed for the crushed dolomite (see Figure
5.18). This behavior may be attributed to the low amount of voids in the uncrushed gravel
matrix thus showing low tolerance to fines contents. Note that permanent deformation test
results reported earlier in Section 5.4 showed that increasing fines content from 4% to 8% had
detrimental effects on performance of the uncrushed gravel material. However, both the dolomite
and gravel specimens showed higher vertical moduli compared to the horizontal ones, which has
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been established in literature, as an indicator of material quality [91]. From Figures 5.18 and
5.19, it was apparent that crushed aggregates with “low” fines showed consistently higher vertical
moduli and non-decreasing horizontal moduli with increasing deviator stress levels, compared to
uncrushed aggregates with the same amount of fines.
Figure 5.18: Vertical and Horizontal Modulus Results for the Crushed Dolomite Material with 8%
Target Nonplastic Fines Tested at Wopt(Solid Lines: M
v
R; Dashed Lines: M
h
R)
5.9.2 Effect of High Amounts of Plastic Fines
Figures 5.20 and 5.21 show the directional moduli determined for the crushed dolomite and
uncrushed gravel specimens respectively, this time both containing 16% plastic fines tested at dry
of optimum. Both Figures 5.20 and 5.21 show the horizontal modulus values (dashed lines)
consistently decreasing with an increase in deviator stress, which is a typical stress-softening
modulus behavior of fine-grained soils or poor quality aggregate materials with excessive fines.
This emphasizes the detrimental effect of high amounts of plastic fines on aggregate performance.
Comparing Figures 5.18 and 5.20, the detrimental effect of high amounts of plastic fines on
aggregate behavior can be clearly deduced. Note that for the crushed dolomite specimen with 8%
nonplastic fines tested at optimum moisture contents (see Figure 5.18), the horizontal modulus
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Figure 5.19: Vertical and Horizontal Modulus Results for the Uncrushed Gravel Material with 8%
Target Nonplastic Fines Tested at Wopt(Solid Lines: M
v
R; Dashed Lines: M
h
R)
values did not show significant stress-softening behavior.
For the uncrushed gravel specimen with 16% plastic fines (see Figure 5.21), the horizontal
modulus values showed clear stress-softening behavior. Moreover as shown in Figure 5.21, the
horizontal moduli were consistently higher than the vertical ones. Note that Seyhan and
Tutumluer [91] suggested higher vertical moduli than horizontal moduli as an indicative trend for
identifying “good quality” aggregate materials. Higher horizontal moduli reported for the
uncrushed gravel specimen in Figure 5.21 therefore illustrates “poor” aggregate matrix behavior.
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Figure 5.20: Vertical and Horizontal Directional Modulus Results for Dolomite with 16% Target
Plastic Fines Tested at 90% Wopt(Solid Lines: M
v
R; Dashed Lines: M
h
R)
Figure 5.21: Vertical and Horizontal Directional Modulus Results for Gravel with 16% Target
Plastic Fines Tested at 90% Wopt(Solid Lines: M
v




5.10 Effect of Compactive Effort on Modulus Anisotropy
A secondary objective of this research study was to evaluate the effects of compactive effort on
anisotropic modulus ratios. Accordingly, four different aggregate materials were tested for
directional modulus characteristics under different compaction conditions to establish a link
between anisotropic modulus ratios and compactive energy levels. Note that the first task to
achieve this objective involved development of compaction curves for different aggregate types
using both standard as well as modified compactive efforts. As previously mentioned, laboratory
testing of aggregates at different combinations of the test factors under the scope of this research
study only focussed on standard compaction (ASTM D 698) conditions. Developing new sets of
compaction curves using the modified compactive effort for all the different test factor
combinations was not feasible as far as time and testing effort requirements were concerned since
it required extensive effort in the laboratory to prepare specimens through engineered gradations.
It was therefore decided to study the effect of compaction levels on modulus anisotropy using four
representative dense graded aggregates. Table 5.3 presents the fines contents and compaction
characteristics of the four different aggregate materials.
Table 5.3: Aggregate Materials Tested in the Laboratory for Evaluating the Effects of
Compaction Conditions on Anisotropic Modulus Ratio
Compaction Characteristics
Material Description
Fines Standard Compaction Modified Compaction
Content OMC MDD OMC MDD
(%) (%) (kN/m3) (%) (kN/m3)
Crushed Limestone (L1) 12 6.2 22.3 5.3 23.0
Crushed Dolomite 13 7.7 22.2 5.5 22.4
Uncrushed Gravel 12 8.6 21.4 8.2 22.0
Crushed Limestone (L2) 10 8.1 22.1 5.7 22.6
Three of the four materials listed in Table 5.3 (except for the crushed limestone with 12% fines,
designated as ‘L1’) were used in the construction of full-scale unsurfaced pavement sections for
accelerated testing. Directional modulus tests were conducted on triaxial specimens prepared
using the four aggregate material types compacted to different densities. Note that the crushed
limestone (L1) and uncrushed gravel materials, both with 12% fines, showed unstable matrix
behavior under standard compactive effort (ASTM D 698) optimum moisture content (OMC or
Wopt) and maximum dry density (MDD) conditions. Therefore, the effect of compactive effort
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on modulus anisotropy was studied for these two materials by testing specimens under modified
and intermediate (in between standard and modified) compaction conditions.
Figure 5.22 shows the effect of compactive effort on the anisotropic modulus ratios of the
crushed limestone (L1) with 12% fines. The intermediate compaction conditions for this material
were selected from the “line of optimums” obtained from the standard and modified compaction
curves. The anisotropic modulus ratio trends at different compaction levels were compared at
three representative stress states applied on the specimen during resilient modulus testing
following the AASHTO T 307 test protocol. Based on the stress levels applied on the specimens,
the three stress states were termed as “Low” (σs = 35 kPa; σnd = 69 kPa), “Intermediate”
(σs = 69 kPa; σnd = 138 kPa) and “High” (σs = 138 kPa; σnd = 276 kPa) respectively, where σs
is the all-round hydrostatic confining pressure, and σnd is the pulsed deviator stress (n = 1 for
vertical pulsing, and 3 for horizontal pulsing).
MC = 5.3%DD = 23.0 kN/m3MC = 5.7%DD = 22.6 kN/m3
Figure 5.22: Effect of Compactive Effort on Anisotropic Modulus Ratio of the Crushed Limestone
Material (L1) with 12% Fines
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From Figure 5.22, the anisotropic modulus ratios clearly increased as the compactive effort was
increased from intermediate to modified compaction conditions. Moreover for a given compactive
effort, the modulus ratio showed an increasing trend with increase in the deviator stress values.
Seyhan and Tutumluer [91] reported increasing modulus ratio trends with increase in stress levels
for good quality materials, whereas poorer quality materials showed an overall decrease in
modulus ratios with increasing deviator stress levels. It is also important to note that the
modulus ratios for both the intermediate and modified compactive efforts showed values less than
unity, which has also been established in the literature as a threshold value separating “good”
and “poor” quality materials [92].
Figure 5.23 shows a similar trend for the crushed dolomite material with 13% nonplastic fines
(modulus ratios increased as the compaction level was increased). This was particularly apparent
for the intermediate and high stress states. Moreover, it is important to note that the modulus
ratios did not increase significantly with increasing deviator stress levels for the specimen
compacted to standard compactive effort maximum dry density. Higher modulus ratios and a
higher rate of increase in modulus ratio with increasing stress levels illustrated better
performance of the specimen prepared using the modified compactive effort.
As already mentioned, the uncrushed gravel material with high fines showed unstable matrix
behavior under standard compaction conditions, and therefore could not be tested for directional
modulus characteristics. As permanent deformation test results reported earlier in this chapter
clearly established the detrimental effects of moisture on the behavior of uncrushed gravel
specimens with high fines, it was decided to prepare specimens targeting the standard compactive
effort maximum dry density, but at reduced moisture contents. Several specimens were prepared
at the standard compaction (ASTM D 698) MDD (21.4 kN/m3or 136.4 pcf), with progressively
lower moisture contents. Stable behavior for the matrix was observed at a moisture content equal
to 60% of the standard compaction OMC value of 8.6%.
As the objective was to evaluate the effects of compactive effort on anisotropic modulus ratios,
it was decided to compare the resilient response of specimens at the following compaction
conditions: Dry density equal to 22.0 kN/m3(140.3 pcf) at a moisture content of 8.2% (modified
compactive effort OMC and MDD), and Dry density equal to 21.4 kN/m3(136.4 pcf) at a moisture
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MC = 5.5%
DD = 22.4 kN/m3
MC = 7.7%
DD = 22.2 kN/m3
Figure 5.23: Effect of Compactive Effort on Anisotropic Modulus Ratio of the Crushed Dolomite
Material with 13% Fines
content of 5.2% (standard compaction MDD, at 60% OMC). Figure 5.24 illustrates the effect of
compaction conditions on anisotropic modulus ratios for the uncrushed gravel with 12% fines. As
shown in the figure, the specimen compacted to modified compactive effort MDD had lower
modulus ratios compared to the one compacted to standard compaction MDD. Both specimens
showed increasing trends for the modulus ratios with increase in the deviator stress level.
One important observation needs to be made from the trends shown in Figure 5.24. Although
the specimen compacted to modified compactive effort MDD had a higher density, it showed
lower modulus ratios than the specimen at standard compaction MDD. This was was attributed
to the higher moisture contents corresponding to the former (8.2% compared to 5.2%). Although
higher compaction densities usually lead to better performance under loading, moisture content
plays a critical role in governing the behavior of uncrushed gravel materials with high fines.
Therefore among the specimens compared for directional modulus characteristics, amount of
moisture in the matrix was the primary factor governing aggregate behavior. As a result, the
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Figure 5.24: Effect of Compactive Effort on Anisotropic Modulus Ratio of the Uncrushed Gravel
Material with 12% Fines
specimen at standard compactive effort MDD and a moisture content of 5.2% indicated higher
modulus ratios than the other.
As permanent deformation behavior is often considered the primary indicator of aggregate
performance under loading, the permanent deformation trends of the two uncrushed gravel
specimens obtained from the conditioning phase of AASHTO T 307 procedure were next
compared (see Figure 5.25). As shown in the figure, the specimen with lower amount of moisture
in the matrix accumulated significantly lower permanent deformations, which could be directly
linked to the reported trends in anisotropic modulus ratios.
Figure 5.26 shows the effect compactive energy on the crushed limestone (L2) material with
10% fines. An interesting trend was observed upon comparing the modulus ratios of specimens
compacted to standard and modified compactive effort (ASTM D 698 and ASTM D 1557,
respectively) maximum dry densities (MDD). The specimen tested at standard compaction
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Figure 5.25: Permanent Deformation Trends of Uncrushed Gravel Material with 12% Fines at
Different Compaction Conditions
maximum dry density showed consistently higher modulus ratios compared to the one at modified
compaction MDD (see Figure 5.26). As higher modulus ratios usually correspond to “better”
quality aggregates, this would indicate that for the crushed limestone (L2) with 10% fines,
specimens under standard compactive effort MDD should perform “better” than specimens under
modified compaction MDD. This was verified by comparing permanent deformation trends for
specimens compacted to standard as well as modified compactive effort optimum moisture
content and maximum dry densities (see Figure 5.27). As shown in Figure 5.27, the specimen
tested under standard compaction OMC and MDD conditions showed lower permanent
deformation accumulation than the one compacted to modified compaction OMC and MDD
conditions. This could be the result of some dilative behavior within the aggregate matrix.
Nevertheless, combined analyses of Figures 5.26 and 5.27 illustrate the link between anisotropic
modulus ratio and performance (permanent deformation) trends.
114
MC = 8.1%
DD = 22.1 kN/m3
MC = 5.7%
DD = 22.6 kN/m3
Figure 5.26: Effect of Compactive Effort on Anisotropic Modulus Ratio of the Crushed Limestone
Material (L2) with 10% Fines
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MC = 5.7%
DD = 22.6 kN/m3
MC = 8.1%
DD = 22.1 kN/m3
Figure 5.27: Permanent Deformation Trends of the Crushed Limestone Material (L2) with 10%
Fines under Different Compaction Conditions
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5.11 Summary
This chapter reported results from repeated load triaxial tests conducted on the three aggregate
materials to characterize their permanent deformation and directional modulus behaviors under
different combinations of the test factors. From the permanent deformation and directional
modulus results, it appeared that the most important test factor governing aggregate behavior at
low fines contents was the aggregate type governing the angularity, i.e. crushed or uncrushed
particles. Unless all voids in aggregate matrix were completely filled with fines, particle
angularity, i.e. crushed or uncrushed particles, typically governed the modulus and deformation
behavior. This pattern was the most noticeable from permanent deformation tests. The second
most important parameter that affected aggregate behavior was the plasticity of fines. High
amounts of plastic fines at wet of optimum moisture conditions were found to quickly destroy the
aggregate load transfer matrix thus resulting in excessive permanent deformations.
As far as resilient behavior was concerned, the crushed aggregates performed better than the
uncrushed gravel. However at very low values of applied bulk stress, there was not much
difference between crushed and uncrushed aggregates. Increasing the amount of fines did not
result in significant decreases in aggregate modulus and deformation behavior in the case of
nonplastic fines. However for plastic fines, the amount of fines had a drastic effect on aggregate
performance. Moreover, small changes in the amount of fines did not affect the resilient modulus
behavior significantly, although there were often significant differences in the modulus values
when very low and very high, i.e. extreme, fines contents were evaluated.
The effect of moisture content on aggregate performance varied significantly depending on the
amount and plasticity of fines. For low percentages of nonplastic fines, moisture content did not
have a significant effect on aggregate performance, and often aggregate type or angularity was the
most important factor. However, for aggregates with plastic fines, moisture was the most
important factor governing aggregate behavior. Moisture when combined with plastic fines
created the worst effect.
The horizontal to vertical modulus ratios determined from directional resilient modulus tests
adequately indicated the excessive amount of fines affecting aggregate quality. Anisotropic
modulus ratios for “good quality” materials typically showed increasing trends with increasing
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deviator stress levels, and the horizontal moduli were consistently lower than vertical moduli.
Combined analyses of permanent deformation and directional modulus test results established the
applicability of anisotropic modulus ratio as a material quality indicator.
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CHAPTER 6
DESIGN & CONSTRUCTION OF FULL-SCALE TEST
SECTIONS
6.1 Introduction
This chapter describes the design and construction of full-scale unsurfaced pavement sections for
accelerated pavement testing and verification of the laboratory test results presented in Chapters
4 and 5. Full-scale unsurfaced pavement sections were constructed over a weak subgrade of
controlled strength through field CBR checks to evaluate the effects of different aggregate
physical properties (test factors) on performance. Selection of aggregate types representing
different combinations of the test factors under investigation is discussed and followed by
laboratory characterization of individual aggregate types used for constructing the test sections.
Typical trends observed in the material behavior during laboratory experimentation are used
later in Chapter 8 to justify the test section performance under loading. The use of finite element
analysis for thickness design of typical unsurfaced pavement sections is explained along with the
effect of different aggregate physical characteristics (test factors) on critical pavement response
parameters. Details of test section layout and construction procedure are subsequently reported
along with subgrade characterization and engineering through moisture addition.
6.2 Experimental Design through Material Selection
To verify the laboratory test results reported in Chapters 4 and 5, full scale unsurfaced pavement
sections were constructed with aggregate types representing different combinations of the test
This chapter includes results already reported in the following publication. Contribution of the coauthor is
sincerely acknowledged:
1. Mishra, D., and Tutumluer, E.;“Aggregate Physical Properties Affecting Modulus and Deformation Char-
acteristics of Unsurfaced Pavements”; Accepted for Publication in the ASCE Journal of Materials in Civil
Engineering (Original Submission: March-2011).
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factors over a weak subgrade of controlled strength. As described in Chapter 3, the test factors
selected for investigation in this research study were: (1) Particle shape, texture and angularity,
(2) fines content (defined as material finer than 0.075 mm), (3) plasticity of fines (measured on
material finer than 0.425 mm), and (4) compaction (moisture-density) conditions.
The number of full-scale pavement sections needed for a complete factorial evaluation of the
aggregate characteristics of interest was not feasible as far as space requirements and construction
costs were concerned. It was therefore decided to construct a limited number of full-scale test
sections using aggregate materials representing extreme boundaries of the test factors. For
example, the effect of fines content on aggregate behavior was significant only when two aggregate
types representing extreme boundaries of the allowable fines contents were compared. Similarly,
the behavior of crushed limestone and dolomite were similar, and showed significant difference
only when compared to uncrushed gravel. Therefore small differences in aggregate shape, texture
and angularity characteristics (limestone showed slightly higher AI and ST values) were not
clearly reflected from the strength, permanent deformation, and resilient modulus test results.
Moreover, the effect of moisture on aggregate behavior was significant only when moisture
content of the samples varied significantly. Based on the above observations, the following
material types were selected for constructing the full-scale test sections.
Material No. 1 Uncrushed “river-run” gravel with high amounts of nonplastic fines
Material No. 2 Crushed limestone with high amounts of plastic fines
Material No. 3 Crushed dolomite with high amounts of nonplastic fines
Material No. 4 Crushed limestone with low amounts of nonplastic Fines
Selection of the above four materials ensured comparison of the following test factors affecting
aggregate behavior. The effect of aggregate angularity could be studied through comparison of
materials 1 with 2 and/or 3. The effect of fines content could be studied by comparing materials
3 and 4. Similarly, the effect of type of fines on aggregate behavior could be studied by comparing
materials 2 and 3. Moreover, the effect of moisture on aggregate behavior was evaluated by
testing each of the four aggregate types under two different moisture conditions.
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Table 6.1: Type and Amount of Fines in the Four Aggregate Materials Received for use in
Construction of the Test Sections
Material Material Fines Content (%) Plasticity Index
Number Description (Sample 1 & Sample 2) (%)
1 Uncrushed Gravel 11.7 & 12.9 0.0
2 Crushed Limestone 5.0 & 5.3 5.7
3 Crushed Dolomite 11.5 & 14.0 0.0
4 Crushed Limestone 9.0 & 10.9 0.2
6.3 Laboratory Characterization of Aggregates used in Test Sections
Based on a preliminary survey of potential aggregate sources around the state of Illinois, the four
aggregate types listed above were identified and obtained for laboratory characterization and field
construction. Upon receiving the materials from the respective sources, the first task involved
in-depth laboratory characterization of each aggregate type for determination of their physical
and mechanical properties. Preliminary tests were conducted on each material type to determine
its particle size distribution (AASHTO T 11), Atterberg limits (ASTM D 4318), compaction
characteristics (ASTM D 698, ASTM D 1557), and unsoaked CBR (ASTM D 1883). Repeated
Load Triaxial (RLT) tests were conducted following the AASHTO T 307 test protocol to
characterize their permanent deformation and resilient modulus behavior. Findings from
laboratory testing of the four aggregate materials are reported in the following sections along
with figures highlighting important trends. Additional figures and test results are presented in
Appendix B.
6.3.1 Particle Size Distribution, Atterberg Limits and X-Ray Diffraction
Washed sieve analysis (AASHTO T 11) and Atterberg limit (ASTM D4318) tests were first
conducted on the four aggregate materials and a summary of the results is provided in Table 6.1.
The most significant difference between “quarry reported” and “actual” fines contents was
observed for material no. 2 which had significantly lower fines (5.2%) as compared to the initially
reported value (∼12%). Moreover, material no. 4 had approximately 10% fines, which was higher
than the threshold value of 8% recommended in Chapter 5 and reported in literature [60, 91] as
the boundary to separate “high fines” from “low fines” for crushed aggregates. It was therefore
decided to categorize materials 2 and 4 as “low fines” and “high fines”, respectively. Table 6.2
lists the final designations of the materials used in construction of the test sections. It should be
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Table 6.2: Material Specifications for the Four Aggregate Types used to Construct the Full-Scale
Test Sections
Material Number Aggregate Material Type
1 Uncrushed Gravel with High Amounts of Nonplastic Fines
2 Crushed Limestone with Low amounts of Plastic Fines
3 Crushed Dolomite with High Amounts of Nonplastic Fines
4 Crushed Limestone with High Amounts of Nonplastic Fines
noted that the “as-constructed” designations for materials 2 and 4 listed in Table 6.2 are different
from those originally identified in Section 6.2. Because of the difference in material classification
of the actual aggregates used in construction from those listed in Section 6.2, the effect of
aggregate angularity was now evaluated through comparison of materials 1 and 3. Materials 3
and 4 were both classified as “high fines”, and therefore any difference in aggregate behavior was
attributed to the slight difference (∼2%) in fines contents. Material no. 2 (crushed limestone with
∼5% fines) was the only aggregate type received with plastic fines (PI = 5.7). However, as
observed from laboratory testing of aggregates during the first phase of the study (refer to
Chapters 4 and 5), the effect of plasticity of fines on crushed aggregate behavior was significant
only at high fines contents; crushed aggregate specimens with nonplastic and plastic fines showed
similar behavior at fines contents below 8%. Therefore, it would appear that the low amount of
plastic fines would not have a significant effect on performance of the crushed limestone (material
no. 2). Therefore, no two material types used for constructing the full-scale test sections could be
compared to assess the effect of fines plasticity on unsurfaced pavement performance.
X-ray diffraction (XRD) tests were conducted on the fine fraction (passing No. 200 sieve, or
finer than 0.075 mm) of the four aggregate materials to determine the predominant mineral type
in each. This was particularly important to account for trends in aggregate layer performance
that could be affected by differences in aggregate mineralogy. XRD scan results showed that
materials 1 and 3 were predominantly dolomite, whereas materials 2 and 4 primarily comprised
limestone (calcite) minerals. Individual XRD test results for the four aggregate types are
presented in Appendix B. Note that the presence of quartz in all the four aggregate materials was
a common feature.
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Table 6.3: Compaction Characteristics of Aggregates used for Constructing the Full-Scale Test
Sections
Material Standard Compactive Effort Modified Compactive Effort
Number OMC (%) MDD (kN/m3) OMC (%) MDD (kN/m3)
1 8.6 21.4 8.2 22.0
2 6.5 18.1 7.3 21.5
3 7.7 22.2 5.5 22.4
4 8.1 22.1 5.7 22.6
6.3.2 Compaction Characteristics and Unsoaked CBR
The four aggregate materials were tested in the laboratory for compaction characteristics using
both standard (ASTM D 698) and modified (ASTM D 1557) compactive efforts. A summary of
the optimum moisture content (OMC) and maximum dry density (MDD) values determined from
both methods is presented in Table 6.3. After compaction, each specimen was penetrated by a
circular plunger of 19.4 cm2 (3 in2) area at a rate of 1.27 mm/min (0.05 in./min) to determine
the unsoaked CBR (ASTM D 1883) values. Individual curves showing the variation of dry density
and unsoaked CBR with moisture content are presented in Appendix B.
As shown in Table 6.3, the OMC for material 2 (crushed limestone with low fines) under
modified compaction conditions was higher than that determined using the standard compactive
effort (7.3% compared to 6.5%). This was in contradiction with commonly observed trends for
compaction curves which show a decrease in OMC with increased compactive effort. This
discrepancy was primarily attributed to the low fines content (∼ 5%) in the material which
resulted in a free-draining aggregate matrix not capable of retaining moisture. Therefore,
obtaining consistent compaction curves for this material was not possible, and the OMC and
MDD values were determined from the best possible smooth curve joining individual data points.
At this point, it is important to emphasize the inadequacy of the “impact hammer” method for
determining the compaction characteristics of open graded and uniformly graded materials.
Two important observations can be made from Figure 6.1 that shows the change in unsoaked
CBR values of the four aggregate materials with moisture content under standard compaction
conditions. Firstly, for the uncrushed gravel with 12% fines (material 1), the CBR value
decreased rapidly with increase in moisture even on the dry side of OMC. This reinforces findings
from the laboratory tests reported in Chapter 5 regarding the high moisture sensitivities of
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uncrushed aggregates with high fines. Secondly, material no. 2 (crushed limestone with 5% fines)
did not show any significant change in CBR values with increasing moisture content. This was
attributed to the free-draining nature of the material, and will be used later in Chapter 8 to
analyze the effect of flooding on the performance trends of unsurfaced pavement sections
constructed using this material. Moreover, the lack of fines in material no. 2 resulted in an
unstable aggregate matrix under standard compaction conditions. This is clearly apparent from
the low CBR values (14-19%) as shown in Figure 6.1.
Figure 6.1: Variations in Unsoaked CBR Values with Moisture Content under Standard
Compaction (ASTM D 698) Conditions
6.3.3 Resilient Modulus and Permanent Deformation Characteristics
The effect of aggregate quality on resilient modulus and permanent deformation behavior was
studied by conducting repeated load triaxial tests on each of the four aggregate materials
compacted using both the standard and modified (ASTM D 698 and ASTM D 1557, respectively)
methods. Cylindrical triaxial specimens (150 mm Φ, 150 mm height) were prepared at the OMC
and MDD values listed in Table 6.3 and were tested using the University of Illinois FastCell for
permanent deformation and directional modulus characteristics. As discussed in Chapter 5, the
first 1,000 cycles (conditioning phase) of the resilient modulus test (AASHTO T 307) were used
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as an indicator of the permanent deformation susceptibility of the material. Resilient modulus
tests were subsequently conducted on the specimens through pulsed load application at 15
different stress states specified in the AASHTO T 307 protocol. Anisotropic modulus properties
were determined through independent pulsed load application in the vertical, followed by the
horizontal directions. The anisotropic modulus ratios (MhR/M
v
R) thus determined, were analyzed
to evaluate their applicability as material quality indicators.
It should be noted that materials 1 and 2 (uncrushed gravel with high fines, and crushed
limestone with low fines) both exhibited unstable matrix behavior under standard compaction
conditions, and sustained excessive bulging under the seating load (2.1 kPa) applied prior to
repeated load triaxial testing. Therefore, the resilient modulus and permanent deformation
behavior of these two materials could not be characterized under standard compaction (ASTM D
698) conditions. However, specimens prepared with materials 3 and 4 showed stable behavior
even under standard compaction conditions, and could be tested for permanent deformation and
resilient modulus characteristics. Comparisons of the permanent deformation and resilient
modulus trends for materials 3 and 4 are presented in Figures 6.2 and 6.3, respectively . As shown
in Figure 6.2, material 3 showed higher accumulation of permanent deformation under standard
compaction conditions than material 4. This was attributed to the higher fines content in the
material 3 (13%) compared to material 4 (10%). Similarly, material 4 showed higher modulus
values compared to material 3, due to lower amount of fines in the matrix (see Figure 6.3).
The effect of aggregate quality on modulus and deformation characteristics was further
investigated by testing specimens compacted using the modified compactive effort (ASTM D
1557). Figure 6.4 shows the permanent deformation trends in the four aggregate types as
determined from the conditioning phase of AASHTO T 307 test protocol. From the figure, it is
clearly apparent that the uncrushed gravel with 12% fines (material no. 1) showed significantly
higher permanent deformation accumulation as compared to the crushed aggregates. This was
consistent with the findings from laboratory testing aggregates at engineered gradations reported
in Chapter 5. Figure 6.4-b shows the non-stabilizing behavior (non-decreasing permanent strain
rates) of the uncrushed gravel material even after the accumulation of high permanent strain
values.
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Figure 6.2: Effect of Material Quality on Permanent Deformation Behavior under Standard
Compactive Effort (ASTM D 698) Optimum Moisture Conditions
Figure 6.3: Effect of Material Quality on Resilient Modulus Behavior under Standard Compactive
Effort (ASTM D 698) Optimum Moisture Conditions
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Figure 6.4: Permanent Deformation Trends for Different Aggregate Types under Modified
Compactive Effort (ASTM D 1557) Optimum Moisture Conditions
It is important to note from Figure 6.4 that material no. 2 showed similar permanent
deformation values as the other two crushed aggregate types (materials 3 and 4). Although
material no. 2 consisted of moderately plastic fines (PI = 5.7), the effect of plasticity of fines on
aggregate behavior was not significant at such low fines contents (5.2% for material no. 2).
However, note that due to the lack of fines material 2 showed unstable matrix behavior under
standard compaction conditions. This observation will be used later in Chapter 8 to explain the
performance of test sections constructed using this material.
Although materials 3 & 4 both had “high” fine contents (13 % and 10% respectively), neither
showed progressive collapse during the permanent deformation testing due to the low OMC
values corresponding under the modified compactive effort. The response of both materials can
be said to fall under the “plastic shakedown” range as defined by Werkmeister [15]. As reported
in Chapter 5, the amount of moisture plays a critical role in governing aggregate behavior at high
fines contents. In wet of optimum conditions, the fines and moisture form a “slurry” that reduces
the particle interlock significantly leading to rapid accumulation of permanent deformation.
Figure 6.5 shows the resilient modulus values for the four aggregate materials under modified
compaction (ASTM D 1557) conditions plotted against the bulk stress (θ = σ1 + σ2 + σ3). The
consistently higher moduli values for crushed aggregates (materials 2, 3 & 4) as compared to the
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uncrushed gravel (material 1) are clearly apparent from Figure 6.5. Moduli values for materials 1
and 3 can be directly compared to assess aggregate angularity effects on stiffness characteristics of
unbound granular layers.
Figure 6.5: Resilient Modulus Trends for Different Aggregate Types under Modified Compactive
Effort (ASTM D 1557) OMC and MDD Conditions
Similarly, the effect of fines content on resilient modulus can be studied by close inspection of
materials 2, 3 & 4. A direct comparison of materials 3 and 4 highlights the detrimental effect of
excessive fines on resilient modulus behavior (reflected by lower moduli for material 3). Stress
softening behavior of the excess fines in material 3 resulted in the lower resilient modulus values
when compared to those of materials 2 and 4. Although material 2 showed unstable matrix
behavior under standard compaction, its performance at modified compaction was significantly
better (higher moduli values than material 3) due to increased particle interlock. Material 4
contained 10% fines, and showed slightly higher moduli values than material 2. However, the
change in moduli values was insignificant as the fines content increased from 5% (material 2) to
10% (material 4).
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6.3.4 Summary of Findings from Laboratory Characterization of Aggregates used in Field
Sections
The four aggregate types received for use in construction of the full-scale test sections, were
characterized in the laboratory for strength, permanent deformation, and resilient modulus
behavior. The uncrushed gravel with high fines (material 1) showed very high moisture
sensitivity, whereas the crushed limestone with low fines (material 2) did not show any moisture
sensitivity due to its free-draining open graded matrix. While compacted using the standard
compactive effort (ASTM D 698), both these materials showed unstable matrix behavior and
therefore could not be tested for resilient modulus, and permanent deformation characteristics.
Modified compaction (ASTM D 1557) conditions were therefore used to compare the mechanical
behavior of the four aggregate types and establish links with material quality aspects. The
uncrushed gravel material showed significantly higher permanent deformation and lower resilient
modulus values, compared to the three crushed aggregates. Although the crushed limestone with
low fines (material 2) showed unstable behavior under standard compaction conditions, it showed
significantly better performance under modified compactive effort OMC and MDD conditions.
The crushed dolomite with 13% nonplastic fines (material 3) showed the lowest resilient modulus
among the crushed aggregates. This was attributed to the stress-softening nature of the high
amount of fines in the aggregate matrix. The high amount of fines in material 3 combined with
high moisture contents, resulted in higher permanent deformation and lower resilient modulus
values compared to material 4 under standard compactive effort OMC and MDD conditions.
These laboratory test results will be used in Chapter 8 to justify performance trends observed
under loading for unsurfaced pavement sections constructed using these materials.
6.4 Thickness Design of Unsurfaced Pavement Sections using Finite
Element Analysis
This section describes the approach used for thickness design of unsurfaced pavement sections
during the course of this research study using a nonlinear axisymmetric finite element program,
GT-PAVE [21]. Unbound aggregate material characterization models developed from the
laboratory phase of the study were used in a nonlinear, stress-dependent, isotropic analysis to
evaluate the effects of the varying MRbehavior on mechanistic response of typical two-layered
unsurfaced pavement sections. The GT-PAVE FE program utilizes isoparametric 8-node
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quadrilateral elements to analyze flexible pavement structures consisting of linear or nonlinear
elastic layers. Details on the nonlinear solution technique used in GT-PAVE are described
elsewhere [21, 98]. All aggregate materials tested during the laboratory phase of the research
established the FE analysis inputs for GT-PAVE runs. The unsurfaced pavement sections
analyzed, consisted of aggregate layers with thicknesses 203, 305, and 356 mm (8, 12, and 14 in.,
respectively) placed over a soft subgrade soil of California Bearing Ratio (CBR) = 3%. These
layer configurations were selected based on commonly encountered unsurfaced pavement sections
constructed in the state of Illinois. For the purpose of analysis, the subgrade was assigned a
constant modulus of 31 MPa (4.5 ksi), which corresponded to an unconfined compressive strength
(Qu) of approximately 158 kPa (23 psi) based on data from typical fine-grained soils in the state
of Illinois. Figure 6.6 represents a schematic of typical two-layer unsurfaced pavement structures
analyzed during this task.
Figure 6.6: Schematic of a Typical Two-Layer System Analyzed using GT-PAVE
The GT-PAVE FE mesh included 600 elements (30 rows and 20 columns) to model the two
layer pavement structure with proper consideration given to boundary conditions in the selection
of mesh size [21, 98]. A single wheel load of 44.5 kN (10 kip) was applied at a uniform pressure of
758 kPa (110 psi) over a circular area of radius 137 mm (5.4 in.). The Poissons ratios for
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unbound aggregate and subgrade layers were taken as 0.35 and 0.45, respectively. Note that the
wheel load used during analysis was higher than the typical equivalent single-axle load (ESAL) of
40 kN (9 kip). This was done to simulate the movement of heavy trucks, and construction
equipment on the unsurfaced pavements and construction platforms. Figure 6.7 shows the finite
element mesh used for analyses of typical unsurfaced pavement structures.
Figure 6.7: Finite Element Mesh for Typical Unsurfaced Pavement Structure Analyzed
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Vertical deviator stress on top of the subgrade (σd) was taken as the critical pavement response
of interest. Rutting potential of the subgrade was assessed by calculating the Subgrade Stress
Ratio (SSR), defined as the ratio of vertical deviator stress on the subgrade (σd) and the
subgrade unconfined compressive strength (Qu). The SSR value was established by Thompson et
al. [43] as a more robust and better indicator of subgrade rutting potential in comparison to
using vertical strain on top of the subgrade as the critical pavement response associated with
subgrade rutting. Accordingly, the approach for designing unsurfaced pavements in the state of
Illinois is based on limiting the allowable SSR to 0.6-0.7 in order to prevent excessive rutting of
the subgrade [46]. For unsurfaced pavements and construction platforms that are characterized
by lower number of load applications and lower serviceability standards, the threshold value of
SSR can be set to a higher value (of the order of 0.75) [43]. The SSR values calculated from
GT-PAVE analyses of the pavement sections were used to assess the adequacy of the aggregate
layer for limiting subgrade rutting. The effects of individual aggregate physical properties (test
factors) on the computed SSR values were studied to identify factors that govern the load
spreading ability of aggregate layers and their effects on subgrade rutting potential.
Figure 6.8 shows the change in the SSR values with nonplastic fines content for a 305-mm
(12-in.) thick crushed dolomite layer on top of the soft subgrade. The dark solid line in Figure
6.8 shows the main regression trend line while the dashed lines show the typical upper and lower
data scatter. It should be noted that the upper and lower dashed lines in subsequent figures are
for visual demonstration of data scatter for a particular fines content only, and are not intended
to suggest the SSR values for a particular fines content. As discussed later, the upper and lower
dashed boundaries can be used to highlight the effect of moisture on SSR values at different fines
contents. As shown in Figure 6.8, there was a clear trend of increasing SSR values when the fines
content in the aggregate matrix was increased; this may, for example relate to aggregate material
degradation due to intrusion of subgrade soil fines in the field. Since a higher SSR value indicates
greater stress levels applied on top of the subgrade, increase in amount of fines clearly had a
detrimental effect on the load spreading ability of the aggregate layer. Another interesting
observation from Figure 6.8 is the slight reduction in the SSR values while going from 4% to 8%
fines, which may be linked to the optimum fines content as reported by researchers in the past
[91]. However as the fines content subsequently increased beyond 8%, the SSR values increased,
showing greater susceptibility of the pavement structure to undergo subgrade rutting.
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Effect of moisture for a given fines content
Figure 6.8: Subgrade Stress Ratios (SSRs) due to 305-mm Thick Crushed Dolomite Layer with
Nonplastic Fines
Interestingly, the exact same trend was found from permanent deformation testing of the crushed
dolomite samples as reported in Chapter 5.
The trend in SSR values is a reflection of the effect of fines content on the modulus of the
aggregate, which results in different degrees of stress reduction at the aggregate-subgrade
interface. The change in behavior while going from 4% to 8% was explained in Chapter 5 by the
fact that at 4% fines the crushed dolomite matrix structure was not stable, and there was
sufficient room for the particles to move and rearrange, therefore leading to higher deformation
and lower moduli values. However, as the fines content was increased to 8%, the aggregate matrix
gradually stabilized and presented better resistance to particle movement and rearrangements. As
the fines content increased beyond 8%, all the voids in the aggregate matrix were filled, and the
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fines started governing the aggregate material behavior leading to higher deformation and lower
moduli values. These results can be used to establish a threshold value of allowable fines in
aggregate layers. As the reduction in material quality is apparent (shown by higher deformations
and lower moduli values) beyond a fines content of 8%, this value seems to serve as the boundary
between “low” and “high” fines categories. This observation was in complete agreement with
findings by Tutumluer and Seyhan [91] who suggested 7-8% as the limit for allowable fines in
unbound aggregate layers comprising crushed particles.
A distinction between crushed and uncrushed aggregate materials can be made by comparing
the above findings with similar results for uncrushed gravel presented in Figure 6.9 which
indicated no evidence of matrix stabilization when the fines content was increased from 4% to 8%.
In other words, the uncrushed gravel matrix showed deterioration in load carrying ability as the
Effect of moisture for a given fines content
Figure 6.9: Subgrade Stress Ratios (SSRs) due to the 12-in. (305-mm) Thick Uncrushed Gravel
Layer with Nonplastic Fines
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fines content was increased beyond 4%. The exact trend was observed from permanent
deformation test results presented in Chapter 5 and was explained by the lower voids content in
the uncrushed gravel matrix that could attain a “stable configuration” at relatively lower fines
contents (less than 8%). This observation was subsequently used to recommend different
threshold values for allowable fines contents in crushed and uncrushed aggregates in Chapter 5.
Figures 6.8 and 6.9 can also be analyzed together for the effect of change in aggregate layer
moisture content on its adequacy for subgrade protection. Both Figures 6.8 and 6.9 showed that
the effect of moisture content (represented by the three data points corresponding to each fines
content) on aggregate modulus (and hence SSR) varied depending on whether the aggregate was
crushed or uncrushed. For example, in case of the crushed dolomite with nonplastic fines (see
Figure 6.8), the data points corresponding to different moisture contents at individual fines
contents were consistently close to each other. Therefore, change in moisture did not have a
significant effect on the load-spreading ability irrespective of the amount of fines. However in the
case of the uncrushed gravel (see Figure 6.9), the scatter became wider as the fines content
increased (particularly visible at 12% fines). As already discussed in Chapter 5, aggregate
specimens with 16% fines became unstable at wet of optimum moisture conditions and could not
be tested for modulus and permanent deformation properties.
The scatter in the SSR values at high fines contents was even more pronounced in the case of
uncrushed gravel with plastic fines (see Figure 6.10). This clearly proved that the effect of
moisture on the load carrying capacity of an unbound aggregate layer is dependent on particle
shape (crushed or uncrushed), fines content, as well as plasticity of fines. Therefore to quantify
the effect of moisture content change on aggregate behavior, consideration must also be given to
these other aggregate physical properties.
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Effect of moisture for a given fines content
Figure 6.10: Subgrade Stress Ratios (SSRs) due to the 305-mm (12 in.) Thick Uncrushed Gravel
Layer with Plastic Fines
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6.4.1 Importance of Considering both Modulus and Deformation Characteristics
The previous section highlighted some of the similarities in the change in modulus and permanent
deformation behavior of aggregates with change in physical properties. However, designing
unbound aggregate layers based solely on the concept of subgrade protection can often be
misleading. The effects of aggregate properties on modulus and deformation behavior are not
necessarily proportional. This can be noted by simply contrasting Figures 6.11 and 6.12. Figure
Figure 6.11: Resilient Modulus Test Results for Crushed Dolomite with Nonplastic Fines at Wopt
6.11 shows MRcurves for crushed dolomite specimens with 4% and 16% nonplastic fines
compacted to standard compactive effort optimum moisture content and maximum dry density
conditions. Figure 6.12 on the other hand, shows the permanent deformation test results for the
same two specimens. It can be seen that as fines content was increased from 4% to 16%, its effect
on permanent deformation (increase by 400%) was much more severe than the effect on resilient
modulus (decrease by 20-25%). This issue was further investigated by contrasting the design
aspects emphasizing subgrade protection and aggregate layer rutting or shear failure. Figure 6.13
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Figure 6.12: Permanent Deformation Behavior of Crushed Dolomite with Nonplastic Fines at
Wopt
shows the change in SSR values with increasing unbound aggregate layer thickness for typical
unsurfaced pavement sections constructed using crushed dolomite with 12% nonplastic fines and
uncrushed gravel with 12% plastic fines, respectively. As expected, a reduction in the subgrade
stress ratio values was observed with increase in the aggregate cover layer thickness. However for
a 356-mm (14-in.) thick aggregate layer, pavement sections constructed using the crushed
dolomite with 12% nonplastic fines as well as the uncrushed gravel with 12% plastic fines, both
exhibited acceptable SSR values (0.55 and 0.6, respectively). Therefore, judging by the criteria of
subgrade protection, it would appear that both pavement structures would perform adequately
under loading by limiting the subgrade rutting potentials. However, comparing the permanent
deformation behavior of the two materials revealed significantly different results (see Figure 6.14).
As shown in Figure 6.14, the uncrushed gravel with 12% plastic fines experienced progressive
shear failure during the permanent deformation testing after approximately 300 load applications.
A pavement structure constructed with this material would undergo shear failure due to excessive
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Aggregate Layer  Thickness
 Crushed Dolomite with 12% Nonplastic Fines
 Uncrushed Gravel with 12% Plastic Fines
Figure 6.13: Subgrade Stress Ratios (SSRs) for Crushed Dolomite with 12% Nonplastic Fines
Compared to SSRs for Uncrushed Gravel with 12% Plastic Fines (1 in. = 25.4 mm)
particle movement within the aggregate layer. Therefore, “protecting” the subgrade is not the
only factor that influences the performance of unsurfaced pavement systems, and due
consideration should be given to aggregate type and quality and their effects on both modulus
and permanent deformation behavior of the aggregate layer.
6.4.2 Conclusions from Finite Element Analysis of Unsurfaced Pavement Sections
The relative effects of aggregate physical properties under investigation on the resilient modulus
(MR) and permanent deformation behavior of unbound aggregate layers for use in unsurfaced
pavement systems were studied through finite element analyses of typical unsurfaced pavement
sections. Material characterization model parameters developed from the laboratory phase of the
research study (refer to Section 5.7) were used in a nonlinear axisymmetric finite element based
pavement analysis program (GT-PAVE) to predict vertical subgrade deviator stresses as the
critical pavement response assuming isotropic aggregate layer behavior. The concept of Subgrade
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Figure 6.14: Permanent Deformation Trends of Crushed Dolomite with 12% Nonplastic Fines and
Uncrushed Gravel with 12% Plastic Fines
Stress Ratio (SSR) was used to assess the adequacy of the aggregate layers for subgrade
protection. Although the change in SSR values for different combinations of the test factors was
not significant for a given aggregate layer thickness, aggregate layer permanent deformation
trends were significantly affected by the aggregate type and quality. The SSR values calculated
from the analyses of unsurfaced pavements of three different thicknesses (356 mm, 305 mm, and
203 mm) for all possible material combinations are shown in Figure 6.15. As shown in the figure,
the 356-mm and 305-mm aggregate layers consistently resulted in acceptable SSR values (0.5-0.7),
whereas the 203-mm aggregate layer reflected SSR values corresponding to subgrade shear failure.
This indicates that based on the principle of subgrade protection, unsurfaced pavement sections
with at least 305-mm thick aggregate layer should perform adequately over a subgrade of CBR =
3% irrespective of the aggregate material quality. To verify these findings and better understand
the effect of aggregate quality on mechanisms of rut accumulation, unsurfaced pavement sections
with 356-mm, 305-mm and 203-mm thick aggregate layers were constructed using the four
selected aggregate materials over a weak subgrade of CBR ≈ 3%.
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Figure 6.15: Subgrade Stress Ratios Corresponding at Factorial Combinations of the Test Factors
for Three Different Aggregate Layer Thicknesses
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6.5 Layout and Cross-Sectional Profile of Full Scale Test Sections
Six test “cells” (numbered 1 through 6) were constructed along three longitudinal strips using the
four aggregate types listed in Table 6.2 to evaluate the effect of aggregate quality on unsurfaced
pavement performance. This thesis focusses on the performance of five test cells (1 through 5)
constructed at different combinations of aggregate type, properties, and subgrade strength. The
sixth cell (Cell 6) was constructed to investigate a secondary objective, and its performance
evaluation is not covered in this PhD thesis. Cells 1 through 4 were constructed with the four
selected aggregate materials over a weak subgrade of CBR = 3%. Identical subgrade conditions
and aggregate layer thicknesses ensured differences in pavement performance to be directly linked
to differences in aggregate quality. Cell 5 was constructed using material No. 2 (same as Cell 2)
over a stronger subgrade of CBR = 6%. The main purpose was to evaluate the effect of subgrade
strength on unsurfaced pavement performance and mechanisms contributing to rut accumulation.
Figure 6.16 shows the layout of the test cells along three longitudinal strips 72.4-m (237.5- ft.)
long and 5.5-m (18-ft.) wide separated by 3.7-m (12-ft.) wide access roads for construction
equipment operation. Longitudinal edge drains were constructed along the North side of each cell
and were connected to transverse drains near the West end of the cell. The edge drains sloped
from east to west, and the discharge was carried by the long transverse drain along the west
boundary to a sump pit. Water was continually pumped out from the sump pit to prevent
accumulation of water in the drain pipes.
Figure 6.17 presents a schematic of the layout and cross-sectional details of individual test cells,
that were constructed 39.6-m (130-ft) long and comprised of three test “sections” with aggregate
layers of thicknesses 356 mm (14 in.), 305 mm (12 in.) and 203 mm (8 in.), respectively. Each cell
was separated from the adjacent cell (longitudinally) by a 6.9-m (22.5-ft.) long transition section
for placement of the Accelerated Transportation Loading Assembly (ATLAS) tracks. From West
to East, the 356-mm (14-in.) thick aggregate section was named “Section 1” whereas the 203-mm
(8-in.) thick aggregate section was named “Section 3” consistently. Each section was 4.57-m
(15-ft.) long and was separated from adjacent sections by 3.05-m (10-ft.) long transition zones.
At either end of the cell 3.1-m (10-ft.) long speed stabilization zones were constructed to ensure
uniform speed of loading on each section. As already mentioned, Cell 5 was constructed over a
subgrade of CBR = 6% and therefore the aggregate layer thicknesses for the three sections were
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Figure 6.16: Aerial View of Test Section Layout
254 mm, 203 mm and 152 mm (10, 8 & 6 in.), respectively.
Figure 6.17: Plan View (on Top) and Cross Sectional Details of the Full-Scale Unsurfaced
Pavement Test Sections
6.6 Subgrade Characterization
The first step in construction of the full-scale test sections involved laboratory characterization of
the subgrade soil to quantify the change in CBR with moisture content, and ultimately determine
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Table 6.4: Laboratory Classifications of Preliminary Subgrade Soil Groups Identified
Group 1 Group 2 Group 3 Group 4
Unified Classification CL-ML CL-ML CL-ML CL-ML
AASHTO Classification A-4 A-4 A-4 A-4
Liquid Limit (%) 21 22 20 22
Plasticity Index (%) 6.0 7.0 5.0 6.0
Optimum Moisture Content (%) 10.5 10.5 10.2 11.6
Maximum Dry Density (kN/m3) 19.6 19.4 19.9 18.8
the target moisture content in the field to achieve an engineered subgrade of desired CBR. This
was particularly important as the primary objective was to evaluate the effects of aggregate
physical properties on unsurfaced pavement performance over a uniformly weak, prepared
subgrade. This would be possible only by eliminating subgrade variability to the maximum
possible extent. Twelve (12) boreholes, each 1.2-m (48-in.) deep were dug covering the entire area
of the test strips, and soil samples were collected using plastic bags at 15-cm (6-in.) intervals to
assess variability in the subgrade profile.
Visual classifications of the soil samples were first conducted, and four sub-groups were
developed by merging samples with similar color, texture, and odor. Later, each sub-group was
classified in the laboratory following the Unified [99] as well as AASHTO [100] classification
methods. Several laboratory tests were then conducted to characterize the physical, and
mechanical behavior of individual sub-groups. All the four sub-groups were classified as low
plasticity clayey silt (CL-ML) following the Unified classification system. Table 6.4 summarizes
the soil classification, Atterberg limits, and moisture-density characteristics of the individual
sub-groups using the standard compaction method (ASTM D 698). Due to similar physical and
mechanical characteristics the four sub-groups were merged together, and a representative group
(Group 3) was used as the reference for moisture adjustment during the field construction. Note
that selection of Group 3 as the representative soil group was primarily based on the relative
frequency of collected soil samples belonging to this group. Figure 6.18 shows the moisture-density
and CBR characteristics of the representative soil group as determined in the laboratory.
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Figure 6.18: Subgrade Moisture-Density and CBR Characteristics (with CBR = 3% Conditions
Highlighted)
6.7 Engineering Subgrade Strength through Moisture Adjustment
As the goal was to evaluate unsurfaced pavement performance over weak subgrades, the top 305
mm (12 in.) of the subgrade layer was engineered through tilling and moisture addition to achieve
a uniform CBR value of 3% (6% for Cell 5). The moisture content corresponding to the target
CBR (as illustrated in Figure 6.18) value was used as a starting point to determine the quantity
of water to be added to the test cells. In-place CBR values were determined using the empirical
relationship proposed by Kleyn et al. [101] (see Equation 6.1) correlating CBR with the
penetration rate of a Dynamic Cone Penetrometer (DCP).
LOG(CBR) = 2.62− 1.27 ∗ LOG(PR) (6.1)
where:PR is the DCP penetration rate (mm/blow).
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This procedure was repeated until the in-place CBR value for the top 305 mm of the subgrade
(as determined from Equation 6.1) was reasonably close to the target value (3% or 6%). Figure
6.19 shows the process of (a) subgrade tilling, (b) moisture addition, (c) compaction, and (d)
DCP testing on the engineered subgrade layer. Figure 6.20 shows an example in-place subgrade
CBR profile determined from DCP testing, for a test cell subgrade of target CBR = 3%. As seen
from Figure 6.20, the subgrade tilling and moisture addition proved to be an effective procedure
for achieving a uniform subgrade of controlled CBR. After final compaction of the layer,
Figure 6.19: Subgrade Tilling and Moisture Control
uniformity of subgrade compaction was verified using different devices such as the Dynatest R©
Light Weight Deflectometer (LWD), Humboldt R© Soil Stiffness Gauge (GeoGaugeTM), as well as a
Troxler R© Nuclear Density Gauge. Details on operation of these equipment and important test
results will be presented in Chapters 7 and 8.
6.8 Earth Pressure Cells to Measure Subgrade Vertical Compressive Stress
To evaluate the effects of aggregate material type and quality on the dissipation of traffic-induced
stresses with depth, earth pressure cells were installed on top of the subgrade at the
aggregate-subgrade interface along the North wheel path of individual test cells for monitoring
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Figure 6.20: Example of In-Place Subgrade CBR Profile Determined from DCP Testing for a
Pavement Test Cell with Target CBR = 3%
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the subgrade vertical compressive stresses. Two earth pressure cells (one each in Sections 2 and
3) were installed in each pavement test cell along the centerline of the North wheel path.
Accordingly for Cells 1 through 4, pressure cells were installed at the aggregate-subgrade interface
underneath the sections with 305-mm and 203-mm thick aggregate layers. For Cell 5, however,
pressure cells were installed underneath the 203-mm and 152-mm thick aggregate sections.
The earth pressure cells, manufactured by GeokonTM(model 3500), were rated for a full-scale
range of 400 kPa (58 psi) with an accuracy of 1 kPa (0.15 psi). Each pressure cell consisted of two
circular stainless steel plates welded together around their periphery to create a cell
approximately 230 mm (9 in.) in diameter and 12-mm (0.5-in.) thick, spaced apart by a narrow
cavity filled with de-aired hydraulic oil. Changing earth pressure squeezes the two plates together
causing a corresponding increase in fluid pressure inside the cell. A semi-conductor type
transducer, which enables the measurement of dynamic pressure, converts this pressure into an
electrical signal which is transmitted via cable to the readout location. The cell is designed to
accept an input pressure at one end and provide an electrical output voltage ranged 0-5 volts.
Pressure data during test section loading was acquired through a LabViewTMvirtual instrument
at a frequency of 500 Hz.
6.8.1 Earth Pressure Cell Installation Procedure
A small circular hole, approximately 25-mm (1-in.) deep, was first dug in the subgrade and the
pressure cell was placed inside it. A circular fabric was placed on top of the pressure cell to
protect its surface from sharp aggregate particles. A thin layer of sand was placed underneath the
pressure cell to make its surface completely horizontal. Additionally, a trench approximately
75-mm wide by 127-mm deep was excavated to accommodate the transducer housing as well as
the cables transmitting the signal to the data acquisition setup. The cable trenches were filled
with a thin layer of sand and were thoroughly tamped to protect the cables from splicing during
laying and compaction of the aggregate layer. Figure 6.21 shows the process of pressure cell
installation at the aggregate-subgrade interface. Note that six of the ten pressure cells installed in
the test sections were damaged during compaction of the overlying aggregate layers. Only the
pressure cells installed in Cells 1 and 2 functioned properly to record the subgrade vertical stress
levels under loading. These measured stress values are used in Chapter 8 to justify observed
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trends in the test section performances of Cells 1 and 2.
Figure 6.21: Pressure Cell Installation on Top of the Subgrade at the Aggregate-Subgrade
Interface: (a) Excavated Circular Hole and Trench for Placement of Pressure Cell and Cable; (b)
Filling of Trench with Bedding Sand; (c) Covering the Excavated Trench with Soil; and (d)
Tamping of the Filled Trench
6.9 Aggregate Placement and Compaction
After engineering the subgrade to target CBR values, aggregate sections were constructed by
placing the material in two lifts and targeting a relative compaction of 95% with respect to the
MDD values determined using the standard compaction (ASTM D 698) method. Compaction of
each layer was checked using a nuclear gauge, and moisture was added to the aggregate as
149
Table 6.5: In-Place Moisture-Density Values for Compacted Aggregate Layers
Section 1 Section 2 Section 3
Moisture Dry Moisture Dry Moisture Dry
Cell Content Density Content Density Content Density
Number (%) (kN/m3) (%) (kN/m3) (%) (kN/m3)
1 7.6 20.4 7.3 20.3 6.9 20.6
2 3.6 18.8 3.5 19.3 3.0 19.7
3 6.1 20.4 6.1 19.8 5.8 20.4
4 3.6 20.0 4.2 20.4 4.1 20.8
5 3.6 19.6 4.0 20.3 3.6 19.5
necessary, to aid the compaction process. It should be noted that due to the weak subgrade
conditions, it was not always possible to achieve the target value of 95% relative compaction. In
such cases, the compaction process was continued until no significant increase in density was
noticed from 3 consecutive passes of a vibratory compactor. The “as-constructed” moisture
contents and dry densities of compacted aggregate layers, determined from nuclear gauge testing,
are summarized in Table 6.5. Figure 6.22 shows the achieved relative compaction values for
individual test sections in each of the five pavement test cells.
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Figure 6.22: Constructed Aggregate Layer Relative Compaction (ASTM D 698) Levels in the
Full-Scale Unsurfaced Pavement Test Sections
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6.10 Summary
This chapter summarized the design and construction of full-scale unsurfaced pavement sections
for accelerated pavement testing. Selection of aggregate materials for constructing the test
sections was described, followed by laboratory characterization of the selected materials. Two of
the aggregate materials (materials 2 and 4) had different fines contents compared to the initially
reported values from the quarries, which resulted in a modification of the originally planned
material comparisons to evaluate the effects of individual test factors. Results from repeated load
triaxial testing of the aggregates were presented, and will be used later in Chapter 8 to explain
trends observed in unsurfaced pavement section performance under loading. The use of finite
element analysis for thickness design of typical unsurfaced pavement sections was discussed, and
the effects of individual test factors on critical pavement response (subgrade vertical deviator
stress) were analyzed. Finally, this chapter presented details on the subgrade characterization,
moisture control, and aggregate placement for construction of the full-scale test sections for
accelerated pavement testing. Chapter 7 will present details on different non-destructive field
modulus measurement techniques used in the current study for construction quality assurance,
and performance assessment of test sections under loading. The use of Ground-Penetrating Radar




FIELD MODULUS MEASUREMENT AND SUBSTRUCTURE
VISUALIZATION
7.1 Introduction
This chapter first presents details on the field modulus measurement and substructure
visualization approaches used in the current study to establish links between aggregate quality
and performance of unsurfaced pavement sections under loading. The effectiveness of field
modulus based assessment of constructed pavement foundation geomaterials is highlighted by
presenting results of light weight deflectometer (LWD) and soil stiffness gauge type field devices.
The applicability of these two devices for identifying material quality aspects based on field
measured moduli is discussed, and influences of achieved moisture-density conditions in the
constructed layers on the measured field moduli are investigated. Finally, field and laboratory
measured moduli values for the different aggregate types are compared, and the effects of
material quality on both are highlighted.
The use of Ground Penetrating Radar (GPR) technology for subsurface deformation
assessment in unsurfaced pavements is also described in this chapter. Thin aluminum foil strips
were installed at the aggregate-subgrade interface of the constructed full-scale test sections to
serve as pure reflectors of GPR electromagnetic waves, and clearly mark the boundary between
the two layers. The fundamental principle behind GPR operation is discussed, followed by typical
GPR scan results for unsurfaced pavements. Results from the field modulus measurements, and
GPR scans of full-scale unsurfaced pavement sections will be used in Chapter 8 to better explain
This chapter includes results already reported in the following publication. Contribution of the coauthors is
sincerely acknowledged:
1. Mishra, D., Tutumluer, E., Moaveni, M. and Xiao, Y.; “Laboratory and Field Measured Moduli of Unsurfaced
Pavements on Weak Subgrade”; Accepted for Presentation and Publication at ASCE Geo-Congress 2012-State
of the Art and Practice in Geotechnical Engineering, March 25-29, 2012, San Francisco Bay Area, California,
USA.
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trends in performance under accelerated pavement testing.
7.1.1 Importance of Field Modulus Measurement
Quality control and quality assurance (QC/QA) of pavement layer construction using unbound
materials has traditionally been based on target density values, expressed with respect to the
maximum achievable densities in the laboratory through commonly used compaction tests (e.g.
standard and modified compaction methods). Although past research has successfully correlated
higher densities to unbound aggregate layer stiffness or resilient modulus improvements [74, 75],
mechanistic-empirical (M-E) pavement design methods do not consider aggregate layer density as
an input into pavement thickness design. The resilient modulus on the other hand, governs the
nature of stress dissipation in an aggregate layer under loading, and is therefore an essential input
for mechanistic analysis of layered pavement structures. This fact alone has made the alternative
of measuring in-situ layer modulus very attractive for pavement designers although the
development of modulus-based construction control specifications still remains a challenge.
Growing interest in modulus-based compaction control procedures has led to the development
of several different alternatives for non-destructive field modulus measurement of pavement
layers. The Light Weight Deflectometer (LWD) and the Humboldt R© Soil Stiffness Gauge
(GeoGauge
TM
) are two such devices that facilitate in-place pavement layer modulus measurement
without imposing excessive delays on construction activities. In spite of significant differences in
the operating principles, both devices apply a certain load on the pavement surface, and use the
resulting deflections to estimate the in-place layer modulus.
In-situ modulus measurements were carried out in this research study using a Dynatest R© LWD
(model 3031) and a Humboldt R© GeoGaugeTM . Tests were conducted on the engineered subgrade
as well as on the finished aggregate layer surface with data collected for the primary objective of
analyzing the differences in reported moduli values by the two devices. Rather than comparing
the numerical results, the primary focus was to compare the relative trends in the measured
moduli from the two devices.
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7.2 The Light Weight Deflectometer (LWD)
The Light Weight Deflectometer (LWD), also known as a Portable Falling Weight Deflectometer
(PFWD) in the United States, is a portable, lightweight device that uses impact loads to estimate
the stiffness of pavement layers. A load pulse, generated by dropping a fixed mass through a
certain height onto a set of rubber buffers (for damping of the load, and controlling load pulse
period), is used for estimating the stiffness of underlying layers. In the Dynatest R© LWD (model
3031) used in the current research, the force is transmitted to the ground through a circular plate,
typically 300 mm in diameter (but interchangeable to 150 mm). Applied load levels are measured
using a load cell, whereas the induced surface deflections are measured by a geophone (velocity
transducer) extending through a hole at the center of the base plate. Relative velocities between
the pavement surface and the base plate are measured by the geophone, and are subsequently
integrated to calculate the surface deflections. Besides the geophone at the center of the base
plate, this device also has the capability to measure deflections using two other geophones located
at different offsets from the base plate, in a user-defined pattern. Deflection and load time history
data are transferred to a Personal Digital Assistant (PDA) device using Bluetooth connection for
real time data processing. Relevant technical specifications of the Dynatest R© 3031 LWD are
presented in Appendix C. Figure 7.1 shows a schematic of different components of a light weight
deflectometer assembly equipped with two radial geophone configuration [102].
Figure 7.1: Schematic of a Light Weight Deflectometer with Additional Sensors [102]
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7.2.1 LWD Types and Capabilities
Although the Falling Weight Deflectometer (FWD) is more commonly used for in-place stiffness
evaluation of pavement layers, it has several limitations as far as testing on weak subgrades, and
unsurfaced pavements constructed over weak subgrade, is concerned. Several portable
alternatives have therefore been developed for in-place stiffness estimation of pavement layers
under such conditions. Examples of such portable falling weight deflectometers (PFWD) are:
Loadman [103], German Dynamic Plate Bearing Test (GDP) [104], TRL Foundation Tester
(TFT) [105], and Prima 100 [106]. Several researchers [107, 108, 109] have compared important
features of commercially available LWD models, and have highlighted their relative advantages
and disadvantages. Although earlier versions of LWDs used the same velocity transducer
(geophone) for both deflection (through single integration of the velocity) as well as force
measurements, improvements over the years have introduced the use of separate load cells for
direct measurement of applied force [107]. Table 7.1 compares important features of the
Dynatest R© 3031 LWD used in this research to other LWD models.
Table 7.1: Comparison of Commercially Available LWD Models (Modified from [108])
Characteristic GDP Prima Loadman TFT Dynatest
Plate Style Solid Annulus Solid Annulus Annulus
Plate Dia (cm) 15/20/30 10/20/30 13/20/30 10/15/20/30 10/15/20/30
Plate Mass (kg) 15 12 6 Variable 12
Drop Mass (kg) 10 10/15/20 10 10/15/20 10/15/20
Drop Height (kg) 0.72 Variable 0.8 Variable Variable
Damper Steel Spring Rubber Rubber Rubber Rubber
Force Measurement No Yes Yes Yes Yes
Plate Resp. Sensor Accelerometer Geophone Accelerometer Geophone Geophone
Impulse Time (ms) 18 ±2 15-20 25-30 15-25 15-30
Max Load (kN) 7.07 1-15 20 1-15 1-25
Contact Stress Uniform User def. Rigid User def. User def.
Poisson’s Ratio 0.5 User def. 0.5 User def. User def.
From Table 7.1 it can be seen that the Dynatest R© 3031 has several features that make it a
versatile tool to be used on different material types, applying different levels of peak loads. It
should be noted that the latest version of PrimaTM100 has essentially the same capabilities as the
Dynatest R© 3031 [110].
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7.2.2 Theory of Operation
Layer stiffness estimation using LWD is typically based on the principle of conventional static
elastic theory by assuming the pavement system to behave as a homogeneous, isotropic, linear
elastic semi-infinite halfspace. Contact stress distribution between the bearing plate and the
ground is assumed as uniform or similar to that between a rigid plate on an elastic medium based
on different combinations of layer and plate rigidity [111]. For an LWD equipped with one
geophone only (to measure center deflection), Boussinesq elastic half space theory can be used to







where: E is the composite stiffness (also known as surface modulus), K is a stress distribution
factor (depends on layer and base plate rigidity), p is the applied contact pressure, r is the plate
radius, d is the deflection, and υ is Poisson’s ratio.
For multi-layer systems, the use of Odemark’s layer transformation is made along with
Boussinesq’s equations to calculate deflections in a forward calculation approach.
Careful consideration needs to be given to the interpretation of deflections measured by LWDs.
Commercially available LWD software packages usually integrate the geophone signal to
determine the peak deflection value. However, due to dynamic effects, the peak deflections
measured by geophones do not always occur at the same instant as the peak load (particularly for
weak materials). Moreover, deflections induced by the dropping weight comprise both recoverable
(elastic) and non-recoverable (plastic) components, and therefore the measured stiffness values
are not strictly “elastic” [112]. It is therefore important to practice caution, while using
LWD-measured layer modulus values in pavement design packages based on linear-elastic theory.
To avoid interpretation of LWD-measured moduli as “elastic”, the term “Stiffness Modulus” is
used in the UK for presenting LWD measured moduli. The terms “Field Modulus” and “Surface
Modulus” are used in this PhD thesis to present layer stiffnesses measured by different devices.
Analyses of elastic and plastic components of the induced deflections, are beyond the scope of this
research.
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7.2.3 LWD Testing on Pavement Foundations
Flemming et al. [112] conducted site trials for construction quality assurance using light weight
deflectometers, and have reported relatively larger variability in stiffness results on subgrade,
compared to well-controlled subbase materials. Moreover, issues with the consistency of good
plate to ground contact, and variation in operator test methodologies and basic operator errors
have also been reported as sources of inconsistent data [112, 113]. Flemming et al. [113] reported
varying success from using a fine sand to smoothen the contact between the loading plate and the
ground. Although a small amount of sand was found to improve the contact significantly, a
reduction in the measured moduli was observed when excessive sand was used.
During the current research, proper contact between the bearing plate and pavement layer
surface was ensured either by placement of a rubber pad (for testing on compacted subgrade), or
a thin layer of fine sand (for testing on compacted aggregate layer) underneath the plate. Using
at least three seating drops in each test location ensured proper seating of the plate and contact
of the geophone with the pavement layer surface. Typical peak stress levels recommended by the
manufacturer [114] were followed in this research to ensure operation of the geophones within the
calibrated range, and are shown in Table 7.2.
Table 7.2: Recommended Stress Levels for LWD Testing on Unbound Granular Layers





7.3 Humboldt R© Soil Stiffness Gauge (GeoGauge
TM
)
The Soil Stiffness Gauge or GeoGauge
TM
, manufactured by Humboldt R©, is a portable instrument
for measuring in-place moduli and load carrying abilities of compacted soil and aggregate layers
in a simple, rapid, and precise way [115]. The GeoGauge
TM
is 28 cm in diameter and 25.4 cm in
height and weighs approximately 10 kg. An annular ring, with 114-mm outer diameter and
89-mm inner diameter contacts the soil and supports the weight of the device. Figure 7.2 presents
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a schematic of different components of the GeoGauge
TM
[115].
Figure 7.2: Schematic Diagram of the Humboldt R© Soil Stiffness Gauge (GeoGaugeTM)[115]
7.3.1 Theory of Operation
Contrary to commonly used deflection based modulus measurement methods, i.e. Falling Weight
Deflectometer (FWD) and LWD, that apply large impact forces to produce measurable deflections
in a pavement layer, the GeoGauge
TM
imparts a very small dynamic force of approximately 9-N
magnitude [116] at 25 steady state frequencies ranging from 100 to 196 Hz. The force is
transmitted to the ground by an annular ring attached to foot of the device, and induces surface
deflections, often smaller than 1.27× 10−6 m in magnitude. The surface deflections are used to
calculate the layer stiffness value (ratio of applied force to resulting deflection) corresponding to
each frequency. Ultimately an average stiffness value is calculated by considering the 25 steady
state frequencies. With an assumed Poisson’s ratio, the Young’s modulus (E) and shear modulus






3.54×R× δ (1− ν) (7.3)
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where P is the applied load, R is outer radius of the annular ring, δ is the induced surface
deflection, and ν is Poisson’s ratio of the elastic medium. The GeoGauge
TM
modulus was reported
to be influenced by density, moisture content, boundary conditions, and stiffness of the
underlying layers [116, 117].
Figure 7.3 shows the LWD and GeoGauge
TM
testing conducted consistently at the same
locations on the compacted subgrade and aggregate layers. In-place moisture-density conditions
were also measured using a Troxler R© 3450 nuclear density gauge. For analysis of the LWD and
GeoGauge
TM
test results, Poisson’s ratio values of 0.35 and 0.45 were assumed for the aggregate
and subgrade layers respectively. Moreover, a uniform stress distribution was assumed
underneath the LWD base plate (K = 2).
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Figure 7.3: (a) LWD Testing on Compacted Subgrade, (b) LWD Testing on Aggregate using the
3-Sensor Assembly, (c) GeoGauge
TM
Testing on Aggregate, and (d) Bedding Sand Layer Prepared




7.4 Analysis of Field Modulus Test Results
7.4.1 Field Modulus Measurements on Engineered Subgrade
Results from in-place modulus measurements on top of the subgrade layer are presented in this
section. As described in Chapter 6, test section subgrades were prepared in the field by adjusting
the moisture contents to achieve target CBR values of 3% (Cells 1 through 4), and 6% (Cell 5).
Figure 7.4 presents the subgrade modulus properties measured on Cell 1, which was constructed
to a target engineered CBR value of 3%. As shown in Figure 7.4, the modulus values reported by
the GeoGauge
TM
were consistently higher than those measured by the LWD for all three test
sections. This was expected, as the strain amplitudes imposed by the GeoGauge
TM
are
significantly lower than those imposed by the LWD. Ryden and Mooney [118] extracted
low-strain modulus values from seismic waves during LWD tests, and highlighted the effect of
strain levels on field-measured modulus values. Regardless, both devices reported consistent
trends in the relative modulus values for the three sections (significantly higher modulus for
Section 3 compared to Sections 1 and 2). The higher moduli for Section 3 were primarily due to
non-uniform moisture distribution during subgrade preparation in this section. In-place CBR
measurements using a Dynamic Cone Penetrometer (DCP) confirmed the non-uniform moisture
distribution across the three sections (Section 3 had an average CBR value of 3.9%, compared to
3.0% and 2.7% for Sections 1 and 2, respectively as shown in Figure 7.5).
Figure 7.6 shows subgrade modulus values measured on a significantly stronger subgrade (Cell
5) with a target engineered CBR value of 6%. Note that both the LWD and the
GeoGauge
TM
reported significantly higher modulus values for the stronger subgrade in Figure 7.6
when compared to the values shown in Figure 7.4. The GeoGauge
TM
measured moduli were
slightly higher than those measured with the LWD. The consistent subgrade conditions across the
three sections in Figure 7.6 were properly captured by both devices, and were confirmed through
DCP testing.
Although the actual magnitudes of moduli reported by the two devices were different from each
other, both the LWD and the GeoGauge
TM
successfully identified the anomaly in construction
quality, which was the non-uniform moisture distribution in Cell 1 leading to higher strength for
Section 3. This reinforced the findings from the recent NCHRP 10-65 study [119] which reported
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Figure 7.4: Field Modulus Values by LWD and GeoGauge
TM
Showing Similar Trends but Different
Magnitudes on a Compacted Subgrade of Target CBR = 3%
that these field modulus measurement devices consistently identified differences in construction
conditions, irrespective of the magnitudes of measured moduli. Further, the study reported a
higher success rate (79%) for the GeoGauge
TM
compared to the LWD (64%) for effectiveness in
identifying differences in construction conditions [119].
7.4.2 Modulus Measurements on Compacted Aggregate Layers
Field modulus measurements on compacted aggregate layers were also carried out using the LWD
and the GeoGauge
TM
to get a comparative idea about the moduli values associated with different
aggregate qualities. Testing always at the same location facilitated such comparison of modulus
trends measured with each device. Moisture-density conditions of the aggregate layers were also
measured using a nuclear gauge to analyze the trends in field modulus values with traditional
compaction QC/QA results. Figure 7.7 shows the moduli values measured on the compacted
aggregate layer constructed over Cell 1 (over the subgrade tested in Figure 7.4). As already
mentioned in Chapter 6, the aggregate layers in Cell 1 were constructed using an uncrushed
“river-run” gravel with high amounts of nonplastic fines, and were compacted targeting 95% of
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Figure 7.5: CBR Profiles in Engineered Subgrade of Target CBR = 3%
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Figure 7.6: Field Modulus Values by LWD and GeoGauge
TM
Showing Similar Trends and
Magnitudes on a Compacted Subgrade of Target CBR = 6%
standard compaction maximum dry density.
For Sections 1 and 2 (356-mm and 305-mm thick aggregate layers, respectively) presented in
Figure 7.7, the field moduli reported by the two devices were reasonably close to each other.
However, for Section 3 (203-mm thick aggregate layer), the modulus values from LWD were
significantly lower than those measured with the GeoGauge
TM
. Note that the Section 3 subgrade
for Cell 1 had significantly higher modulus/stiffness properties compared to Sections 1 and 2 (see
Figure 7.4). Moreover from Figure 7.7, the achieved compaction level for the aggregate layer in
Section 3 was higher than those for the other two sections. As higher degree of compaction
usually corresponds to higher modulus values [74, 75], the aggregate layer in Section 3 would then
be expected to have higher moduli compared to Sections 1 and 2. Although the
GeoGauge
TM
results followed this same trend, the LWD measured significantly lower modulus
values for the aggregate layer in Section 3, which may be explained based on the depth of
influence of the two devices. The depth of influence for LWD reported in literature is between 270
to 280 mm [120, 121], deeper than the 203-mm thick aggregate layer in Section 3. According to
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Figure 7.7: Field Modulus Values by LWD and GeoGauge
TM
Showing Different Trends and
magnitudes on Compacted Uncrushed Gravel Layer
Von Quintus et al. [119], LWD tests on thin pavement layers were significantly influenced by the
underlying layer, and therefore the results were consistently higher or lower than laboratory
measured modulus values for those particular materials. Moreover, Mooney and Miller [108]
reported a depth of influence for LWD between 0.9-1.1 times the plate diameter. Therefore for
the given study, the depth of influence for the LWD would be between 270-300 mm. Accordingly,
the lower LWD-measured modulus values corresponding to the 203-mm thick aggregate layer in
Section 3 were probably due to the influence of the weak underlying subgrade layer.
7.4.3 Effect of Moisture-Density Conditions
Figure 7.8 shows together the nuclear gauge-determined moisture content and dry density values
with the field-measured modulus values for all compacted aggregate layers tested in this field
study. Note that both the LWD and the GeoGauge
TM
show decreasing modulus values with
increasing moisture contents for the different test sections highlighted. However, the effect of dry
density on layer modulus was not as clear from Figure 7.8 although Von Quintus et al. [119]
reported a strong correlation between GeoGauge
TM
moduli and achieved dry densities in
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compacted pavement layers.
Figure 7.8: Field Moduli Vs. Achieved (a) Moisture Contents and (b) Dry Densities
7.4.4 Aggregate Quality Linked to Laboratory and Field-Measured Moduli
As described in Chapter 6, laboratory repeated load triaxial tests were conducted on the four
different aggregate materials used in construction of the full-scale tests sections, following the
AASHTO T 307 [90] test procedure. Figure 7.9 shows the stress dependent resilient modulus
values graphed against the bulk stress (first stress invariant) for the four aggregate types. Note
that the uncrushed gravel with 12% fines, corresponding to Cell 1 (tested in Figure 7.7), had
significantly lower laboratory-measured modulus values when compared to the other three
crushed aggregates. The crushed limestone with 10% fines showed the highest modulus values.
Figure 7.9 clearly highlights the detrimental effects of higher fines contents in an aggregate matrix
on resilient modulus properties.
Figure 7.10 summarizes the field modulus values measured on all unsurfaced pavement sections
constructed using the four aggregate materials. Although the goal was to establish possible
linkages between aggregate type and/or fines percentage and field-measured modulus values, no
significant effects of aggregate material quality on field moduli were apparent from Figure 7.10.
Furthermore in contrast with the laboratory-measured results, the crushed limestone with 10%
fines was not indicated to have highest field modulus values. Similarly, the much lower
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Figure 7.9: Effects of Aggregate Type and Fines Content on Laboratory-Measured Resilient
Modulus Properties
laboratory-measured moduli associated with the uncrushed gravel material were not reflected
from the field measurements (see Figure 7.10). From field modulus measurements using the LWD
and the GeoGauge
TM
on the subgrade and compacted aggregate layers, it was evident that
although both devices were successful in identifying non-uniform construction conditions, no
significant effect of aggregate material quality on field modulus was observed. The
GeoGauge
TM
reported more consistent results compared to the LWD primarily due to different
depths of influence for the two devices.
7.5 Subsurface Visualization using Ground Penetrating Radar
This section covers the application of Ground-Penetrating Radar (GPR) for distinguishing
between aggregate and subgrade rutting in unsurfaced pavements. Transverse scanning of the
full-scale unsurfaced pavement sections constructed during this research was carried out using
GPR to evaluate the effect of aggregate quality on subsurface deformation accumulation. Strips
of aluminum paint and thin aluminum strip foils were placed at the aggregate-subgrade interface
to function as a pure reflector for electromagnetic (EM) GPR and clearly identify the layer
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Figure 7.10: Effect of Aggregate Quality on Field Modulus
boundaries.
7.5.1 GPR Principles and Data Reduction
The application of GPR is based on transmission of electromagnetic (EM) pulses into the ground
and collection of reflected pulses from interfaces corresponding to dielectric contrast. The
application of GPR in pavement engineering was first initiated in the 1970’s by the Federal
Highway Administration (FHWA) for tunnel applications [122] and has since been extended to a
wide range of applications, the most common being pavement layer thickness measurement
[123, 124, 125, 126, 127], detection of pavement distresses [128, 129], determination of depth and
alignment of steel bars [130, 131], and estimation of density and air void content [132, 133, 134].
Depending on the way antennae are deployed, GPR systems are classified into air-coupled (or
launched), or ground-coupled systems. Air-coupled antennae are typically mounted 150 to 500
mm (5.9 to 19.7 in.) above the surface (see Figure 7.11a). These systems produce a clean radar
signal at the pavement surface and allow for highway speed surveys (up to 100 km/h or 62.5
mph). The drawback of these systems lies in the low depths of penetration as part of the EM
energy is reflected back by the pavement surface. In contrast, a ground-coupled GPR antenna is
in full contact with the ground (see Figure 7.11b), which gives a deeper penetration at the same
frequency but limits the speed of the survey (usually less than 8 kmph or 5 mph). Depending on
the requirement of signal resolution and penetrating depth, various antenna frequencies can be
169
selected for each type of antennae [135]. A general rule of thumb is: a higher antenna central
frequency provides a better signal resolution but lower penetrating depth.
Figure 7.11: Types of GPR Antennae: (a) Air-coupled and (b) Ground-coupled
In this study, a 2GHz air-coupled antenna system, manufactured by Geophysical Survey
Systems, Inc. (GSSI), was used to differentiate subgrade rutting from shear flow within the UGL.
An air-coupled system was selected to track the deformation of both the aggregate surface and
the subgrade interface. The maximum penetrating depth of the 2GHz air-coupled system is
approximately 610 mm (24 in.), which is sufficient to penetrate the thickest aggregate section
(356 mm or 14 in.) constructed in this study.
Figure 7.12a shows an example single-scan (A-scan) GPR signal collected from an unsurfaced
pavement system. The vertical axis in the figure represents GPR signal two-way travel time and
the horizontal axis represents reflected signal amplitude. As illustrated in the figure, the first
pulse (on the top) corresponds to the coupling between the transmitting and receiving antennae;
the second pulse corresponds to the signal reflected from the aggregate surface whereas the third
(bottom most) pulse represents the signal reflected from the subgrade interface. A B-scan GPR
image (see Figure 7.12b) can be obtained by stacking multiple single-scan GPR signals collected
at different locations and using different colors or grey scales to represent different signal
reflection amplitudes. In a B-scan GPR image, the horizontal axis represents the GPR survey
distance whereas the vertical axis represents GPR signal two-way travel time. The white color
shown in the image (see Figure 7.12b) marks the maximum signal reflection amplitude whereas
the black color marks the minimum reflection amplitude. From Figure 7.12b, the pavement
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structure profile can be clearly visualized. In this study, the B-scan images of the cross sections of
each test section at different loading cycles were used to distinguish between rut accumulations in
the aggregate and subgrade layers.
Figure 7.12: Example GPR Data from an Unsurfaced Pavement: (a) Single Scan (A-scan); (b)
B-scan Image of the Cross Section
7.5.2 Transverse Scanning of Unsurfaced Pavement Sections
After compaction of the engineered subgrade, thin aluminum foil strips were installed at locations
corresponding to positions where surface profile measurements would be taken. The aluminum
strip was installed to serve as a reflector for the GPR’s EM waves to identify the
aggregate-subgrade interface. The aluminum strip was sufficiently thin (foil) to ensure it did not
have any effect on the pavement rutting performance. Moreover, the subgrade underneath the
aluminum strip was coated with aluminum paint to present another reflective surface in case the
aluminum strip was ruptured during construction.
Following placement of the aluminum strips, the aggregate was hand-placed on top of the
aluminum to prevent rupture from construction equipment. Figures 7.13a and 7.13b show
installation of aluminum strip, and hand placement of aggregate on top of the strip. Figure 7.13c
shows a custom-built GPR track to facilitate transverse scanning of the pavement sections. The
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track was built by assembling two long wooden beams to accommodate a set of plastic wheels
mounted on a 2GHz air-coupled GPR antenna system. Care was taken to not use any metallic
components in the construction of the GPR tracks to avoid interference with the GPR waves.
Figure 7.13d shows GPR scanning of the pavement sections by pulling the antenna along the
track at a uniform rate. Note, that scanning with a vehicle mounted antenna was not feasible
because of the positioning of ATLAS on top of the pavement sections.
Figure 7.13: Aluminum Foil Installation (a), Aggregate Placement (b), Customized GPR Track
for Transverse Scanning of Aggregate Sections (c), GPR Scanning to Measure Rut Development
(d)
7.5.3 GPR Quantification of Rutting in Subsurface Layers
It is worth noting that the GPR scanning of unsurfaced pavements presented in this PhD work
are qualitative and visual in nature. These preliminary findings can further be extended to
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quantify the rut accumulation in individual layers. This can be done through the estimation of
dielectric constants of individual layers, and the overall concept is presented in this section for
further application to unsurfaced pavements.
Figure 7.14: Typical Reflections from Interfaces in Unsurfaced Pavements
For a layered structure as shown in Figure 7.14, the thickness of the surface layer, d1, can be







In Equation 7.4, c is the speed of light in vacuum (3× 108 m/s or 9.8× 108ft/s), and t1 is the
two-way travel time of the GPR signal within the surface layer. For bound pavement layers, such
as hot-mix asphalt and Portland cement concrete, the following equation is widely used to







where r,1 is the dielectric constant of the first layer, A0 is the amplitude of the surface reflection,
and Ap is the amplitude of the incident GPR wave, which is obtained by collecting data over a
copper or aluminum reflector placed on the pavement surface.
However, it should be noted that the dielectric constant calculated using Equation 7.5 is based
on the surface reflection of the GPR signal. Therefore, estimated surface layer thickness using
this dielectric constant is based on the assumption that the material property of the surface layer
173
is uniform through the depth. This assumption is more reasonable in case of bound layers at
early ages. However, for unbound granular layers, this assumption may lead to errors due to the
relatively large variation of the material properties with depth; especially after being loaded. To
obtain the average dielectric constant of the aggregate layer, another method, namely the
extended common mid-point method, by using two air-coupled antenna systems, can be used
[136]. The feasibility of employing this method to quantify the rutting in individual layers is
suggested as future research scope in Chapter 9 of this PhD thesis.
7.6 Summary
The first part of this chapter presented results from non-destructive field modulus measurement
techniques used in the current research to evaluate the effectiveness of these devices in identifying
differences in aggregate quality, and for application in construction quality control. Field modulus
measurements were taken using light weight deflectometer (LWD) and GeoGauge
TM
devices
always at the same locations to eliminate effects of spatial variability in construction conditions.
From testing on the engineered weak subgrades as well as constructed aggregate layers, it was
observed that GeoGauge
TM
reported modulus values were consistently higher than those measured
by the LWD due to the fact the moduli from the two devices were defined in different ways.
Both the GeoGauge
TM
and the LWD were successful in identifying anomalies in construction
conditions, i.e., increasing or decreasing trends in moduli. The GeoGauge
TM
measured modulus
values showed in general a decreasing trend with increasing moisture contents. However, the
effects of dry density and material quality, associated with aggregate type and properties, were
not reflected from the field modulus values. In that sense, the field modulus values could not be
associated with the laboratory-measured modulus properties, which properly captured not only
stress dependencies but also the effects of aggregate angularity and fines content.
The second part of this chapter presented the application of GPR technology for assessment of
subsurface deformations in unsurfaced pavements. Basic principle of GPR operation was
presented, followed by the installation of reflective strips at the aggregate-subgrade interface of
full-scale test sections constructed during the scope of this research study. Typical GPR scan
results for 2-layer unsurfaced pavement structures were presented, and the methodology for visual
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identification of aggregate and subgrade rutting was explained. Results from the filed modulus
measurements and transverse GPR scanning of unsurfaced pavement sections will be used in
Chapter 8 to explain observed trends in test section performance under accelerated loading.
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CHAPTER 8
ACCELERATED TESTING AND PERFORMANCE
MONITORING
8.1 Introduction
This chapter reports results from accelerated pavement testing, and performance analyses of
full-scale unsurfaced pavement sections constructed during the second phase of this PhD research.
As discussed in Chapter 6, full scale pavement sections were constructed at the University of
Illinois Advanced Transportation Research and Engineering Laboratory (ATREL) facility using
aggregate types representing different combinations of the aggregate physical properties (test
factors) of interest. The test sections were subsequently loaded using an Accelerated
Transportation Loading Assembly (ATLAS) to apply channelized traffic and simulate the
movement of heavy trucks and construction vehicles. Rut accumulation in the pavement sections
under loading was monitored through surface profile measurements, as well as GPR scanning.
After loading the test sections to failure, transverse trench sections were excavated across the
wheel paths to get visual confirmation regarding the rut accumulation in aggregate and subgrade
layers. Effect of different aggregate physical properties on field performance of unsurfaced
pavement sections was then evaluated through analyses of mechanisms contributing to pavement
failure.
This chapter includes results already reported in the following publications. Contribution of the coauthors is
sincerely acknowledged:
1. Mishra, D., Tutumluer, E., and Heckel, G.; “Performance Evaluation of Uncrushed Gravel Aggregates in
Unsurfaced Road Applications through Accelerated Pavement Testing”; Accepted for Publication in Trans-
portation Research Record: Journal of the Transportation Research Board (2012).
2. Mishra, D., and Tutumluer, E.; “Performance Evaluation of Unsurfaced Pavements using the UIUC Acceler-
ated Transportation Loading Assembly”; Accepted for Presentation and Publication at the 4th International
Conference on Accelerated Pavement Testing, September 19-21, 2012, Davis, California, USA.
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8.2 Test Section Loading and Performance Monitoring
Design and construction of the full-scale unsurfaced pavement test cells representing different
combinations of aggregate physical properties was presented in Chapter 6. Each test cell
comprised three sections, numbered from West to East in an increasing order, (Sections 1, 2, & 3
respectively), characterized by different aggregate layer thicknesses constructed over a subgrade of
controlled CBR. After construction, the pavement sections were loaded to failure by
unidirectional, channelized application of a 44.5-kN (10-kip) wheel load using a super-single tire
(455/55R22.5) at a tire pressure of 758 kPa (110 psi). The tire nomenclature denotes its
dimensions and type in the form of AAA/BBXCC.C, where the first number (455) is the tire
width from wall-to-wall in mm; the second number (55) is the side wall height given as a
percentage of the tire width (250 mm for the tire in consideration); the letter ‘R’ indicates a
radial tire; and the third number (22.5) is the rim diameter in inches.
The development of rutting with load application for each test section was monitored through
surface profile measurements using a digital calliper. Average surface profile for each test section
was calculated using two measurements separated by a distance of 152 cm (5 ft), located 152-cm
(5-ft) away from the section boundaries on either side. Since the profile of an unsurfaced
pavement is much more variable compared to that of a pavement with a bound surface layer, it
was important to take several adjacent measurements to develop the average surface profile
around a particular point. The surface profile was measured for up to a distance of 1.22 m (4 ft.)
on either side of wheel path centerline. Wheel path wander effects were not considered in the
current accelerated pavement testing effort to eliminate the “masking” of rut profiles resulting
from collapse of the unbound aggregate surface materials into the rut path. In other words, loose
aggregate particles from the surface would be “pushed” into the rut profile upon repeated loading
along adjacent wheel paths, thus making it difficult to accurately monitor the rate of rut
accumulation in the test sections. Moreover as unsurfaced pavements and low volume roads are
often constructed under financial constraints, they are usually narrow and cannot accommodate
significant wheel path wander. Therefore it is believed that channelized unidirectional loading of
the test sections used in the current research study is “realistic”.
Rut depths were calculated through subtraction of the original constructed pavement profile
(corresponding to zero load applications) from the deformed profiles at different stages of loading.
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Note that rut depth in this research study was defined as the deflection of any point on the
pavement surface from its original profile. Therefore, points adjacent to the wheel path
undergoing upward heaving were represented by negative rut depths representing the heave
amounts. Trafficking of the test sections was continued up to a total rut depth of approximately
102 mm (4 in.) in most cases, as the ATLAS wheel could tolerate a maximum vertical movement
of up to 102 mm (4 in.) into the rutted pavement surface before the internal vertical LVDT in the
actuator of the wheel carriage assembly stroked out. However, this depth varied depending on the
ATLAS track placements over individual test cells, and some sections could be tested to rut
depths more than 102 mm. Transverse GPR scanning of the test sections at different number of
load applications was also used for distinguishing between rutting in the subgrade, and aggregate
layers. Figure 8.1 shows loading of the test sections and the surface profile measurement using a
digital caliper.
Figure 8.1: Photos Showing Unidirectional Accelerated Pavement Testing and Rut Measurement
8.2.1 Effect of Moisture Conditions on Unsurfaced Pavement Performance
As discussed in Chapter 3, one of the objectives of this research study was to evaluate the effect
of moisture conditions on aggregate behavior. Accordingly, the pavement sections were
constructed to be approximately 5.5 m (18 ft.) wide to accommodate loading along two different
wheel paths (see Figure 8.2), separated by a distance of 2.44 m (8 ft.). The pavement sections
were first tested at near-optimum conditions (North wheel path), before artificial flooding and
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Figure 8.2: Wheel Path Locations
loading along the second (South) wheel path. Flooding of the test sections was achieved using
perforated water sprinklers until excessive water was observed seeping through the boundaries of
the aggregate sections. Both wheel paths were separated from the pavement edge by a distance of
1.52 m (5 ft.) to eliminate edge-effects induced by the unsupported aggregate boundaries.
A minimum time interval was maintained between artificial flooding and loading of the
pavement sections to avoid material attrition through splashing, and development of excess pore
water pressures. Note that due to the inaccuracies associated with layer boundary identification
using GPR in the presence of excessive moisture, transverse GPR scanning of the test sections
was not conducted under flooded conditions. After testing each pavement section to failure at
near-optimum and flooded conditions, transverse trenches were excavated across the wheel paths
for visual identification of subgrade and aggregate layer rutting.
The accelerated testing of full-scale test sections under the scope of this research study was
conducted between October 2010, and May 2011. Cells 1, 2, 4, and 5 were tested between
October and December 2010. However, testing of Cell 3 could not be carried out in 2010 due to
inclement weather, and was completed in May 2011 after the spring thaw. Performance trends
observed from loading of the test cells at near-optimum, and flooded conditions, are presented in
the sections below, in the same order they were tested (cell 3 results presented last).
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8.3 Cell 1: Uncrushed Gravel with High Amounts of Nonplastic Fines
This section presents analysis of probable rut-mechanisms contributing to failure of the uncrushed
gravel pavement section constructed over an engineered subgrade of CBR, 3%. As explained in
Chapter 6, this test cell (cell 1) was constructed using an uncrushed gravel material containing
high amounts of nonplastic fines, and comprised three sections of aggregate layer thickness 356
mm, 305 mm, & 203 mm (14 in., 12 in., & 8 in. respectively) separated by 3.1-m (10-ft) long
transition zones.
8.3.1 Performance under Near-Optimum Moisture Conditions
Figure 8.3 presents surface profile diagrams of the three test sections after different number of
load applications along the North wheel path (near-optimum aggregate moisture conditions). As
shown in Figure 8.3a, Section 1 (356-mm thick aggregate layer) performed the worst, and
exhibited extensive heaving adjacent to the wheel path leading to failure after only 47 load
applications. Section 2 (Figure 8.3b) performed better than Section 1, and could withstand up to
160 load applications before undergoing shear failure. Moreover, the surface heave for Section 2
was less severe compared to Section 1. It should be noted that rut accumulation accompanied by
surface heaving adjacent to the wheel path is often considered to be an indicator of shear flow
within the unbound granular layer [5]. Therefore, the deformed surface profiles of Sections 1 and
2 indicate failure of the aggregate layer within itself. However, as shown in Figure 8.3c, Section 3
(203-mm thick aggregate layer) could support a significantly higher number (400) of load
applications before undergoing shear failure or developing excessive surface heave. This is in
contradiction with the common assumption of thicker aggregate layers ensuring better resistance
to permanent deformation. Note that the significantly better performance of Section 3 compared
to the other two sections was clearly evident after 400 load applications. Therefore, loading of
this section was stopped at this point, even though the total rut accumulation for the section was
approximately 50 mm.
An investigation of aggregate layer moisture conditions was conducted to eliminate the
possibility of excessive moisture in Section 1 leading to rapid rut accumulations. Aggregate
samples were collected from different depths along the wheel path to determine the moisture
content profiles in the three sections, and are presented in Table 8.1. As shown in the table, the
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Figure 8.3: Rut Development in Uncrushed Gravel Sections (a) 1, (b) 2, and (c) 3 due to
Unidirectional ATLAS Loading at Near-Optimum Conditions (1 in. = 25.4 mm)
moisture content profiles of the aggregate layers were uniform across the three test sections. This
resulted in “moisture discrepancy” being ruled out as a plausible mechanism contributing to
rapid failure of the thick uncrushed gravel sections. Close examination of GPR scans and layer
boundaries obtained from excavated trench section was therefore pursued to identify the different
rutting mechanisms involved.
Table 8.1: Cell 1: Moisture Content Investigation along Wheel Path
Point Description Aggregate Moisture
Content (%)
1 Section 1, West 5.6
2 Section 1, East 5.9
3 Section 2, West 5.5
4 Section 2, East 5.2
5 Section 3, West 5.3
6 Section 3, East 5.7
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Figure 8.4 shows the GPR B-scan, as defined in Chapter 7, from Section 1 (356-mm thick
aggregate layer) of Cell 1 after different number of load applications. The yellow line in the figure
shows the aggregate surface, whereas the red line shows the subgrade interface. Three different
GPR scans, taken after 0, 10, and 47 load applications are shown in Figure 8.4. Figure 8.4a shows
the undisturbed surfaces of the aggregate and the subgrade. As the number of load applications
increased, the rut development in the surface is clearly visible from the broken nature of the solid
yellow line (see Figures 8.4b and 8.4c). After 47 load applications, the aggregate surface
underwent shear failure and the rut-depth became too deep for the ATLAS actuator controlling
wheel load. It is important to note that even after 47 load applications, the GPR scan does not
show significant depression in the subgrade layer. The small amount of subgrade depression
noticed from the GPR scan is offset to the side of the wheel path. This is typically a result of
material movement and shear flow due the development of a shear surface within the aggregate
layer. The GPR scans present the possibility of rutting occurring primarily within the aggregate
layer. It should be noted that as reported in Chapter 6, the uncrushed gravel with high fines used
in this cell showed very poor performance in the laboratory testing as well.
Figure 8.4: GPR Scans of 356-mm Thick Uncrushed Gravel Layer at Different Load Applications
Figure 8.5 shows the cross-section of the excavated trench alongside the GPR scan and the
surface rut profile for the same test section (Section 1 of Cell 1). From the excavated trench
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section, it was clear that the heave on the surface was much higher than the heave at the subgrade
interface. Also, the depression in the subgrade (shown by the black trace on the photograph in
Figure 8.5b) was offset from the surface rut observed under the wheel path. This was in
agreement with the GPR scan results (see Figure 8.4) and supported the hypothesis regarding
shear flow of material that resulted in a lateral offset of the subgrade depression from the wheel
path. Analyzing Figures 8.4 and 8.5 together, shear movement within the aggregate layer was the
primary mode of failure associated with performance of this uncrushed gravel section.
Figure 8.5: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 356-mm
Thick Uncrushed Gravel Aggregate Section (1 in. = 25.4 mm)
Figure 8.6 shows the deformed profile of the 305-mm thick uncrushed gravel in Section 2.
Similar to the 356-mm thick aggregate section, the GPR scan of Section 2 clearly showed a much
larger rutting in the aggregate (shown by the yellow line) compared to the subgrade (red line).
However, it should be noted that the subgrade rutting in Section 2 was more significant than that
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in Section 1. Also, looking at the cross-sectional profile from the excavated trench, the subgrade
rutting in Section 2 was more pronounced than that in Section 1. This was primarily because of a
thinner aggregate layer in Section 2, and the lack of aggregate depth for the development of a
complete shear surface within the layer. As a result, the depression in the subgrade for Section 2
was less offset from the wheel path compared to that in Section 1. Therefore, performance under
loading of Section 2 of Cell 1 indicated the combined action of aggregate shear flow and subgrade
deformation contributing towards failure of the test section. As the aggregate layer thickness was
reduced from Section 1 to Section 2, the subgrade soil was subjected to higher stress values
leading to higher accumulation of permanent deformation. However, it should be noted that the
aggregate layer was still the primary contributor to the failure of Section 2 under loading.
Figure 8.6: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 305-mm
Thick Uncrushed Gravel Aggregate Section (1 in. = 25.4 mm)
Figure 8.7 shows similar profiles for the 203-mm thick uncrushed gravel layer in Section 3. The
absence of significant heave development at the aggregate-subgrade interface could clearly be
noticed from Figure 8.7b. Moreover, the lack of significant heave development on the surface (see
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Figures 8.7b, and 8.7c) implied no significant material movement within the aggregate layer. The
subgrade deformation in Section 3 appeared to be less pronounced than Sections 1 and 2. This
observation was in contradiction with common intuition regarding thick aggregate layers ensuring
better pavement performance, and was attributed to the significantly higher subgrade moduli,
and CBR values (refer to Figures 7.4 and 7.5) corresponding to Section 3, compared to Sections 1
and 2.
Figure 8.7: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 203-mm
Thick Uncrushed Gravel Aggregate Section (1 in. = 25.4 mm)
The stronger subgrade conditions in Section 3 of Cell 1 resulted in significantly lower subgrade
deformations, compared to Sections 1 and 2. Note that besides presenting better resistance
against Mode 2 rutting [5] (as defined in Chapter 2), a stronger subgrade layer facilitated better
compaction of the overlying layers, which ultimately led to better performance through improved
lateral distribution of traffic-induced stresses.
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Significant material movement in the thick aggregate sections and the absence thereof in
Section 3 could be confirmed from the subgrade compressive stress data collected along the North
wheel path (near-optimum aggregate moisture conditions) of Sections 2 and 3. Figure 8.8 shows
the subgrade vertical compressive stress values recorded for Sections 2 and 3 at different number
of load applications (N). As shown in the figure, for low values of N, the subgrade stress levels in
Section 2 (305-mm thick aggregate layer) were lower than those in Section 3 (203-mm thick
aggregate layer) due to better load distribution achieved in the thicker aggregate layer. For
example, for N = 2, the subgrade stress value recorded in Section 2 was 169.8 kPa (24.6 psi),
whereas the recorded value for Section 3 was 195.5 kPa (28.4 psi). However, as the number of
load applications increased, the subgrade stress values for Section 2 gradually increased, and
subsequently became greater than those for Section 3. At N = 46, the subgrade stress values for
Sections 2 and 3 were 206.0 kPa (29.9 psi) and 188.5 kPa (27.4 psi), respectively. This was
attributed to the significant shear movement within the aggregate layer in Section 2 which
resulted in a reduction in the effective aggregate cover thickness, thus subjecting the subgrade to
higher stress levels. The 203-mm thick aggregate layer in Section 3 was constructed over a stiffer
subgrade, and resisted internal shear movement supporting a significantly higher number of load
applications without undergoing shear failure. Note that due to the stiffer subgrade conditions in
Section 3 see (Figure 7.4), the aggregate layer could be compacted to higher densities when
compared to the other two sections (96.2% relative compaction for Section 3, compared to 95.1%
and 94.9% relative compaction values for Sections 1 and 2, respectively).
The field-measured subgrade vertical stress values were compared to those predicted from finite
element analyses of the uncrushed gravel test sections in Cell 1. Accordingly, Figure 8.9 shows the
predicted subgrade stress levels for Sections 2 and 3 (305-mm and 203-mm thick aggregate layers,
respectively) in Cell 1 along with the measured stress levels corresponding to N = 2 load
applications (representing relatively undisturbed state of the aggregate layers). The following
three combinations of aggregate and subgrade layer modulus behavior were considered to predict
the subgrade vertical stresses using GT-PAVE: 1) Isotropic stress-dependent aggregate layer over
a subgrade of constant modulus, 2) Isotropic stress-dependent aggregate layer over a bilinear
stress-dependent subgrade layer, and 3) cross-anisotropic stress-dependent aggregate layer over a
bilinear stress dependent subgrade layer.
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Figure 8.8: Subgrade Stress Levels Varying with Number of Load Applications for the Uncrushed
Gravel Test Sections in Cell 1
As in Chapter 6, the following two assumptions were first made during analyses of the full-scale
unsurfaced pavement test sections using GT-PAVE: 1) a constant modulus value was assumed for
the subgrade layer, and 2) the aggregate layer was treated as isotropic, i.e. modulus and Poisson’s
ratio values were assumed to be the same in all directions. The first simplifying assumption was
justified in Chapter 6 as stress-dependent subgrade behavior was not the primary focus of this
research study, and the finite element analyses were primarily targeted to compare the
effectiveness of different aggregate types in dissipating traffic-induced stresses. However to
compare the predicted and measured subgrade vertical stress levels under accelerated loading, it
was important to check the effect of incorporating stress-dependent subgrade behavior into the
GT-PAVE analyses. Accordingly, Figure 8.9 also shows the predicted vertical subgrade stress
values for Sections 2 and 3 upon modeling the subgrade using the bilinear stress-dependent
resilient modulus model proposed by Thompson and Robnett [78]. As shown in the figure, no
significant improvement in the difference between the predicted and measured subgrade vertical
stress levels was observed upon considering the stress-dependent nature of subgrade modulus.
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Figure 8.9: Comparing the Predicted and Measured Subgrade Stress Levels Underneath the
Uncrushed Gravel Test Sections in Cell 1
Note that the unbound aggregate layer was still assumed to isotropic at this stage.
The next step involved consideration of the cross-anisotropic nature of the unbound aggregate
layers resulting from particle reorientation during compaction, as well from traffic-induced
stresses. This was accomplished by assigning different resilient modulus model parameters for the
aggregate layer in the vertical and horizontal directions. The horizontal resilient modulus model
parameters were determined from directional modulus testing of the aggregates in the laboratory,
as discussed in Section 5.5. Note that anisotropic modulus characterization of unbound aggregate
layers in general results in higher vertical stress predictions [21]. As shown in Figure 8.9, the
predicted subgrade vertical stress (166.2 kPa) for Section 2 (305-mm thick aggregate layer) was
significantly close to the measured value (169.6 kPa) upon consideration of the stress-dependent
subgrade modulus, as well as cross-anisotropy of the unbound aggregate layer. Similar results
have been reported in the literature; Tutumluer and Kwon [137] reported significant reduction in
the discrepancies between field-measured and predicted pavement response parameters upon
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consideration of the inherent cross-anisotropy in unbound aggregate layers. Note that the
predicted subgrade vertical stress for Section 3 (257.9 kPa) was significantly higher than that
measured in the field (195.8 kPa). This was primarily due to variabilities in construction
conditions as well as nonuniform compaction of the subgrade and aggregate layers.
Failure patterns from trafficking the test sections under near-optimum aggregate moisture
conditions indicated a definite internal shear failure mechanism of the uncrushed gravel layer.
This field observation was reinforced by laboratory test results comparing the permanent
deformation behavior of different aggregate types (refer to Figure 6.4) that clearly showed
unstable behavior of the uncrushed gravel material compared to crushed aggregates.
8.3.2 Performance under Flooded Conditions
To evaluate the effects of excessive moisture on unsurfaced pavement performance, the uncrushed
gravel test sections in Cell 1 were artificially flooded and tested along a second (South) wheel
path separated from the first, by a distance of 2.44 m (8 ft.). The accumulated rut amounts were
recorded through surface profile measurements after different number of load applications. Figure
8.10 shows the accumulations of permanent deformation in Sections (a) 1, (b) 2, and (c) 3 while
testing under flooded conditions. Note that due to differences in ATLAS track elevations,
different test sections could be tested to different rut depths before the vertical LVDT in the
ATLAS wheel carriage assembly reached its maximum stroke.
The test section performances under flooded conditions were significantly different from those
under near-optimum aggregate moisture conditions. All the three test sections showed rapid
permanent deformation accumulation and failed after only 27 load applications. It is important
to note from Figure 8.10 that the amount of surface heave in Section 1 (see Figure 8.10a) under
flooded conditions was significantly lower than that under the near-optimum conditions indicating
a somewhat lower degree of shear flow within the aggregate layer under flooded conditions. The
amount of surface heave seen in Sections 2 and 3 (Figures 8.10b and 8.10c, respectively) were
significantly higher than that in Section 1. Moreover, Section 3 with the thinnest (203-mm or
8-in. thick) aggregate layer, exhibited the highest rut accumulation after 27 load applications
which was expected due to the wetting of the subgrade even though Section 3 had the highest
as-constructed subgrade moduli for the near-optimum conditions (see Figure 7.4).
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Figure 8.10: Rut Developments in Uncrushed Gravel Sections (a) 1, (b) 2, and (c) 3 due to
Unidirectional ATLAS Loading under Flooded Conditions (1 in. = 25.4 mm)
Examination of transverse trench sections revealed a different mechanism contributing to
failure of the uncrushed gravel test sections under flooded conditions. Figure 8.11 shows the
deformed layer boundaries (from excavated trench sections) for the aggregate surface as well as
the aggregate-subgrade interface after testing under flooded conditions. The subgrade
deformation for Section 1 (Figure 8.11a) was more pronounced under flooded conditions,
compared to that under near-optimum aggregate moisture conditions (Figure 8.5b). This resulted
from penetration of the excessive moisture through the aggregate layer that weakened the
subgrade significantly and led to failure due to excessive subgrade movement.
Figures 8.11b and 8.11c show the deformed layer boundaries under flooded conditions for
Sections 2 and 3, respectively. In both cases, there was significant heaving of the subgrade leading
to failure of the test sections. Moreover, any surface heave observed in these test sections
appeared to be primarily reflections of the subgrade heave. Also, the extent of subgrade heave
became significantly worse as the aggregate layer thickness was reduced (from Section 1 to
Section 3). This could possibly be due to larger quantities of water getting into the subgrade
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Figure 8.11: Excavated Trench Photos Showing Surface and Base-Subgrade Interface
Deformations in Test Sections (a) 1, (b) 2, and (c) 3 for Cell 1 due to Loading under Flooded
Conditions
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under thinner aggregate layers that made the subgrade progressively weaker. On the other hand,
assuming the ingress of water weakened the subgrade under all three sections equally, the thinner
aggregate layers in Sections 2 and 3 would result in higher stresses on top of the subgrade, leading
to excessive shear deformations.
Figure 8.12 shows changes in maximum rut depths with number of load applications for the
three sections tested under near-optimum and flooded conditions. Note that Section 1 with the
356-mm (14-in.) thick uncrushed gravel layer showed a very high rate of rut accumulation even
under near-optimum aggregate moisture conditions. It is therefore important to emphasize that
subgrade rutting may not be the only mechanism leading to the failure of unsurfaced pavements,
and even a thick layer of the poor quality, high fines uncrushed aggregate is likely to undergo
internal shear flow resulting in rapid accumulation of permanent deformation. The North wheel
path of Section 3 again showed the slowest rate of permanent deformation accumulation, which
was attributed to the higher subgrade moduli as determined from the field modulus
measurements.
Figure 8.12: Cell 1 Permanent Deformation Accumulations under Near-Optimum and Flooded
Conditions
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8.4 Cell 2: Crushed Limestone with Low Amounts of Plastic Fines
The effect of low amounts of plastic fines on the performance of a crushed limestone was
evaluated through accelerated testing of full-scale unsurfaced pavement sections constructed over
an engineered subgrade of CBR, 3%. As mentioned in section 6.3.1, the aggregate material used
in this test cell contained significantly lower amount (∼ 5%) of fines (material passing No. 200
sieve, or finer than 0.075 mm) compared to the originally reported values (∼ 12%) from the
aggregate source, and was therefore categorized as a “low fines” content material with moderately
plastic (PI = 5.7) fines. As reported in Chapters 4 and 5, the effect of fines plasticity on
aggregate behavior was not apparent at low fines contents. Therefore, based on laboratory test
results from phase I of this research, amount of fines in the aggregate matrix was expected to be
the primary physical characteristic governing the performance of this particular test cell. As
reported in Chapters 4 and 5, crushed aggregates (limestone and dolomite) exhibited unstable
matrix behavior at very low fines contents, which was also observed from laboratory testing of the
aggregate material used in cell 2 (refer to Chapter 6).
8.4.1 Performance under Near-Optimum Moisture Conditions
Performance of the test section at near-optimum moisture conditions was monitored through
loading, and surface profile measurements along the North wheel path. Note that GPR scanning
of this test cell could not be conducted due to unavailability of GPR equipment. Therefore, the
mechanisms contributing to failure of this test cell were analyzed using surface profile
measurements, and excavated trench sections only.
Figure 8.13 shows the (a) excavated trench section, and (b) surface rut profile, of Section 1
(356-mm thick aggregate layer) in Cell 2. As seen in Figure 8.13, the test section failed after only
52 load applications, by accumulating rut depths of 100 mm, accompanied by significant heaving
adjacent to the wheel path. As already mentioned, development of significant heave adjacent to
the wheel path is often an indicator of shear movement within the aggregate layer, and presented
the possibility of internal shear failure of the crushed limestone layer. Close inspection of the
excavated transverse trench sections showed no significant deformation of the subgrade (see
Figure 8.13a), with the aggregate-subgrade interface remaining essentially horizontal even after
failure of the test section to failure.
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Figure 8.13: (a) Excavated Trench, and (b) Surface Rut Profile of the 356-mm Thick Crushed
Limestone Section in Cell 2 (1 in. = 25.4 mm)
This behavior was in contradiction with the commonly observed trends regarding crushed
aggregate layers resisting permanent deformation due to better particle interlock. However, it is
important to note that the crushed limestone material used in Cell 2, showed unstable matrix
behavior under standard compaction (ASTM D 698) conditions due to the significantly low fines
contents, and could not be tested for permanent deformation characterization due to excessive
bulging (refer to Chapter 6). Moreover, the material showed significantly low CBR values
(18-19%) under standard compaction conditions. Laboratory test results therefore support the
hypothesis of shear movement within the aggregate layer near standard compaction maximum
densities due to the unstable matrix structure.
Figures 8.14, and 8.15 present deformed profiles of Sections 2 (305-mm thick aggregate layer)
and 3 (203-mm thick aggregate layer), respectively, upon testing under near-optimum aggregate
moisture conditions. From the figures, Sections 2, and 3 could sustain 100 and 350 load
applications respectively, before accumulating significant rutting. Moreover, close inspection of
the surface profiles and the excavated trench sections clearly indicates increased subgrade heaving
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with decreasing aggregate layer thickness. The highest subgrade heaving was noticed for the
203-mm thick aggregate layer in Section 3.
Figure 8.14: (a) Excavated Trench, and (b) Surface Rut Profile of the 305-mm Thick Crushed
Limestone Section in Cell 2 (1 in. = 25.4 mm)
Similar to the near-optimum loading conditions for the uncrushed gravel material in Cell 1,
failure of aggregate sections in Cell 2 under near-optimum aggregate moisture conditions could
also be attributed to shear movement within the aggregate layer, which was also evident from the
“wavy” nature of rut development along the wheel path. From preliminary investigation of the
deformed surface profile and excavated trench sections, it was apparent that the crushed
limestone material in Cell 2 experienced shear movement within the thick aggregate layers.
However the crushed nature of the particles resulted in adequate stress reduction at the subgrade
level, therefore protecting the subgrade from excessive deformation before significantly high
number of load applications.
Further investigation of the test cell performance was conducted through analyses of the field
moduli measured using LWD and GeoGauge
TM
on the compacted subgrade as well as aggregate
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Figure 8.15: (a) Excavated Trench, and (b) Surface Rut Profile of the 203-mm Thick Crushed
Limestone Section in Cell 2 (1 in. = 25.4 mm)
layers. Figure 8.16 shows the field moduli for the compacted (a) subgrade , and (b) aggregate
layers for Cell 2. The subgrade moduli for Sections 2 and 3 were similar in magnitude, but were
higher than those for Section 1 (as reflected from both LWD and GeoGauge
TM
results). Although
the lower subgrade moduli for Section 1 could possibly be a contributing factor resulting in rapid
failure of the thickest aggregate section (Section 1) under loading, the difference between
performances of Sections 2 and 3 could not be explained on the basis of differences in subgrade
moduli. Close inspection of the aggregate field moduli (see Figure 8.16b) reflected significantly
higher moduli for Section 3 compared to Sections 1 and 2. This was linked to the achieved relative
compaction (ASTM D 698) values for the three aggregate sections: 103.9%, 106.5%, and 108.7%
for Sections 1, 2, and 3, respectively. Note that as discussed in Chapter 6, due to the free-draining
nature of the crushed limestone aggregate used in Cell 2, the OMC and MDD values could not be
easily established following the “impact hammer” methods. Therefore, the laboratory-determined
MDD value of 18.1 kN/m3(115.4 pcf) was not indicative of the maximum achievable densities in
the field. This explained the high relative compaction values (> 100%) for all three test sections.
The 356-mm thick aggregate layer in Section 1 achieved the lowest relative compaction due to
weaker subgrade conditions. The resulting inadequate particle interlock led to shear movement
within the aggregate layer that ultimately failed after only 52 load applications. Sections 2 and 3
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Figure 8.16: Field Modulus Values Measured by LWD and GeoGauge
TM
on the Compacted (a)
Subgrade and (b) Aggregate Layers in Cell 2
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were both constructed over similar subgrade conditions, with the aggregate layer in Section 3
compacted to higher densities (108.7% MDD) compared to Section 2 (106.5% MDD). Better
compaction of the aggregate layer in Section 3 resulted in higher moduli values (adequately
captured by the LWD and GeoGauge
TM
), and better stress dissipation with depth. Reduced
stress levels at the subgrade interface resulted in Section 3 sustaining significantly higher number
of load applications (350) compared to Section 2 (100) without accumulating excessive rutting.
Higher compaction levels and in-place modulus values for Section 3 compared to Section 2 were
also reflected from the measured vertical subgrade stress levels during accelerated pavement
testing (see Figure 8.17). Figure 8.17 shows the subgrade vertical stress values for Sections 2 and
3 in Cell 2 corresponding to N = 4 (relatively undeformed aggregate layer configuration) plotted
against time. The first peak in Figure 8.17 (shown in red, corresponding to t = 4 sec) represents
the subgrade vertical stress level in Section 2, whereas the second peak (shown in black,
corresponding to time = 6.4 sec) represents the stress on Section 3 subgrade. As shown the
figure, higher subgrade stress values were recorded for Section 2 (305-mm thick aggregate layer)
compared to Section 3 (203-mm thick aggregate layer). The same trend was observed at higher N
values, and was attributed to the superior lateral dissipation of stresses within the stiffer
aggregate layer in Section 3.
Analysis of Cell 2 performance under near-optimum aggregate moisture conditions therefore
emphasized the importance of adequate compaction for crushed aggregates with low fines. Higher
relative compaction percentages for the aggregate layers could be directly linked to better
performance under loading. Note that laboratory testing of the aggregates showed similar trends
(refer to Chapter 6). Although the crushed limestone matrix with low fines (used in Cell 2) was
unstable under standard compaction conditions, it performed comparable to other crushed
aggregate materials with high fines, under modified compaction OMC and MDD conditions (refer
to Figure 6.4). Combined analyses of the laboratory and field test results lead to the conclusion
that crushed aggregate materials should contain a minimum amount of fines to achieve a stable
matrix structure. In the absence of sufficient fines in the void structure, the aggregate particles
may become unstable under traffic loading and tend to increase movement and the permanent
deformation. Higher compactive efforts can be used to somewhat improve the particle interlock in
such aggregates with low fines. However, as achieving high relative compaction levels over weak
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256.5 kPa (37.2 psi)
187.9 kPa (27.3 psi)
Figure 8.17: Subgrade Stress Levels underneath Sections (left) 2 and (right) 3 of Cell 2
subgrade conditions can often be challenging, it is recommended that crushed aggregate with very
low fines contents should be avoided from unsurfaced pavement applications to eliminate the
possibility of internal shear failure of the aggregate cover layer.
8.4.2 Performance under Flooded Conditions
Subsequent to testing at near-optimum aggregate moisture conditions, the test sections were
artificially flooded and tested to failure under flooded conditions to evaluate the effect of excess
moisture on pavement performance. Note that due to inclement weather conditions, testing of
this cell under flooded conditions had to be stopped after only 34 load applications. Figure 8.18
shows the rut development in Cell 2 aggregate sections under flooded conditions. As shown in the
figure, after 34 load applications, Section 2 (305-mm thick aggregate layer) showed the highest
rut-accumulation as well as surface heave development. This was different from the trend
observed in case of Cell 1, that showed rapid failure of the thinnest aggregate layer (Section 3)
under flooded conditions, due to excessive subgrade deformations.
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Figure 8.18: Rut Developments in Cell 2 Sections (a) 1, (b) 2, and (c) 3 due to Unidirectional
ATLAS Loading under Flooded Conditions (1 in. = 25.4 mm)
Figure 8.19 shows the deformed layer boundaries for the aggregate surface as well as the
aggregate-subgrade interface in Cell 2 after testing under flooded conditions. The subgrade
deformation in Section 2 was clearly visible as shown in Figure 8.19b, whereas no significant
subgrade deformation was observed for Sections 1 and 3. No logical explanation of this behavior
could be deduced. However, one possible explanation could be related to inadequate flooding of
Sections 1 and 3 resulting in not enough moisture wetting the subgrade to reduce the subgrade
strength significantly.
An important observation should be made from the excavated trench sections shown in Figure
8.19. Significant amounts of subgrade intrusion into the aggregate layer was observed for all three
sections under flooded conditions. It is apparent that due to the low fines content and
free-draining nature of the crushed limestone used in Cell 2, subgrade pumping into the aggregate
layer was more significant compared to the other aggregate types.
For the crushed limestone with low fines, degree of compaction played a significant role in
governing aggregate layer behavior at near-optimum moisture conditions. The aggregate sections
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Figure 8.19: Excavated Trench Photos Showing Surface and Base-Subgrade Interface
Deformations in Test Sections (a) 1, (b) 2, and (c) 3 due to Loading of Cell 2 under Flooded
Conditions
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with lower relative compaction levels, underwent internal shear failure that led to excessive rutting
after relatively low number of load applications. Aggregate sections compacted to high densities
on the other hand, sustained significantly higher number of load applications before failing due to
subgrade deformation such as Section 3. The significant improvement in aggregate behavior
under higher compactive efforts was also reflected from laboratory testing of the aggregates
reported in Chapter 6. Significant subgrade intrusion into the aggregate layer was observed for all
three test sections under flooded conditions. A fabric to be used at the subgrade interface would
serve as a good separator for such low fines aggregate materials. The mechanism contributing to
pavement failure under flooded conditions were not clear for this particular test cell.
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8.5 Cell 4: Crushed Limestone with High Amounts of Nonplastic Fines
The effect of high amounts of nonplastic fines on the performance of a crushed limestone
aggregate was evaluated through accelerated pavement testing of unsurfaced pavement sections at
near-optimum and flooded conditions. As mentioned in section 6.3.1, the crushed limestone used
in this cell (Cell 4) had higher fines contents (∼ 10%) compared to those initially obtained during
preliminary survey of potential aggregate sources, and was therefore classified as having “high”
amount of fines. Like the uncrushed gravel used in Cell 1, the crushed limestone material in Cell
4 also comprised high amounts of nonplastic fines. Therefore, comparative analyses of Cell 1 and
Cell 4 performances would emphasize the effect of aggregate shape and angularity.
8.5.1 Performance under Near-Optimum Moisture Conditions
Figure 8.20 shows the final deformed profile for the 356-mm (14-in.) thick aggregate section in
Cell 4. The test section could sustain 168 load applications before accumulating rut depths of
Figure 8.20: (a) GPR Scan, (b) Excavated Trench and (c) Surface Rut Profile of the 356-mm
Thick Crushed Limestone Aggregate Section in Cell 4 (1 in. = 25.4 mm)
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approximately 100 mm. Moreover, no surface heave was observed adjacent to the wheel path.
The GPR scan and excavated trench sections (see Figures 8.20a and 8.20b) clearly indicate a
more defined subgrade deformation pattern compared to those observed in Cell 1. Moreover, the
subgrade depression is directly underneath the surface rut, indicating no significant shear
movement within the aggregate layer due to improved particle-to-particle interlock. The
basin-shaped subgrade deformed profile (see Figure 8.20b) can be attributed to the superior load
spreading abilities of the crushed aggregate base course.
Figure 8.21 shows the final deformed profile of Section 2 (305-mm thick aggregate layer) of Cell
4. Unlike Section 1, this section showed significant heaving adjacent to the wheel path after 55
Figure 8.21: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 305-mm
Thick Crushed Limestone Aggregate Section in Cell 4 (1 in. = 25.4 mm)
load applications (see Figure 8.21c). Moreover, as can be seen from the GPR scan, the subgrade
deformation is offset from the wheel path, and hence, shows the possibility of shear flow of the
material. Close inspection of as-constructed moisture contents of the subgrade layer explained the
excessive surface heave development in Section 2. Average moisture contents for the engineered
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subgrade layer in Sections 1, 2, and 3 were 13.1%, 15.2%, and 13.3% respectively. As discussed in
Chapter 6, a moisture content of approximately 13% was targeted for preparing an engineered
subgrade of CBR = 3% (refer to Figure 6.18). However, as shown in Figure 6.18, the CBR value
for the subgrade soil decreases rapidly with increasing moisture content; a moisture content of
15% corresponds to CBR values of less than 1%.
The significantly weaker subgrade conditions (owing to the higher moisture content) under the
305-mm thick aggregate layer in Section 2 resulted in failure of the section. The
aggregate-subgrade layer interface observed from the excavated trench section (see Figure 8.21b)
clearly showed significant subgrade movement, and the surface heave observed was a direct
reflection of subgrade heave.
Figure 8.22 presents the deformed layer profiles for the 203-mm thick aggregate layer (Section
3) of Cell 4. As is apparent from the GPR scan and the trench sections (see Figures 8.22a and
Figure 8.22: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 203-mm
Thick Crushed Limestone Aggregate Section in Cell 4 (1 in. = 25.4 mm)
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8.22b), the subgrade deformation underneath the wheel path was clearly visible and the surface
heave noticed, was primarily a reflection of the subgrade deformation.
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8.5.2 Performance under Flooded Conditions
Figure 8.23 shows the development of rutting in Sections (a) 1, (b) 2 and (c) 3 under flooded
conditions for the crushed limestone with high amounts of nonplastic fines. The layer interface
boundaries as observed from excavated transverse trenches are shown in Figure 8.24. From
Figure 8.23: Rut Developments in Cell 4 Sections due to Unidirectional ATLAS Loading under
Flooded Conditions (1 in. = 25.4 mm)
Figures 8.23 and 8.24, both Sections 1 and 3 underwent subgrade failure and showed significant
heaving at the aggregate-subgrade interface, which was ultimately reflected on to the surface.
After 97 load applications, Section 1 showed the highest rut accumulation (approximately 150
mm). This may have been caused by the combined effect of excess moisture and high amounts
(10%) of fines in the aggregate matrix. Section 3 (203-mm thick aggregate layer) showed the
highest amount of subgrade movement, which was attributed to the higher stress levels at the
subgrade interface underneath the thinnest aggregate layer.
From testing at near-optimum as well as flooded conditions, the primary mechanism
contributing to the pavement failure in Cell 4, was subgrade rutting. The crushed limestone with
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Figure 8.24: Excavated Trench Photos Showing Surface and Base-Subgrade Interface
Deformations in Test Sections (a) 1, (b) 2, and (c) 3 due to Loading under Flooded Conditions
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high fines did not undergo internal shear movement. Layer thickness was the primary factor
governing pavement performance, with Section 3 (203-mm thick aggregate layer) failing first, due
to inadequate stress dissipation at the subgrade interface. Section 1 (356-mm thick aggregate
layer) performed consistently better than Section 3 (203-mm thick aggregate layer) under
near-optimum aggregate moisture conditions. Section 1 showed the highest rut accumulation
under flooded conditions, which may have been from the combined effect of excess moisture, and
high amount of fines in the aggregate layer. Section 2 (305-mm thick aggregate layer) showed the
highest surface heave at near-optimum conditions, which was attributed to significantly weaker
subgrade conditions. The performance of Section 2 under flooded conditions, could not be
explained.
209
8.6 Cell 5: Crushed Limestone with Low Amounts of Plastic Fines Over
An Engineered Subgrade of Target CBR = 6%
Cell 5 was constructed using the same material as in Cell 2 (crushed limestone with low amounts
of plastic fines) over a subgrade CBR value of 6%, and comprised aggregate layers of thicknesses
254 mm, 203 mm, and 152 mm (10 in., 8 in., and 6 in.) for Sections 1, 2, and 3 respectively. The
primary objective behind construction of this test cell was to evaluate the effects of better
subgrade conditions on unsurfaced pavement performance.
8.6.1 Performance under Near-Optimum Moisture Conditions
Figure 8.25 shows the (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of
Section 1 (254-mm thick aggregate layer) in Cell 5, tested under near-optimum aggregate
moisture conditions. From the figure, Section 1 of Cell 5 could sustain 478 load applications
Figure 8.25: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 254-mm
Thick Aggregate Section in Cell 5 (1 in. = 25.4 mm)
without significant rut accumulation or development of surface heave. Moreover, close
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examination of the GPR scan (Figure 8.25a) and excavated trench section (Figure 8.25b) clearly
indicate the absence of subgrade shear failure. The rutting observed on the surface, was probably
from subgrade movement that could not be visually identified from the trench sections.
Figure 8.26 shows the deformed layer profiles for Section 2 (203-mm thick aggregate layer) in
Cell 5. As shown in the figure, no significant heaving of the surface was observed up to 100 load
Figure 8.26: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 203-mm
Thick Aggregate Section in Cell 5 (1 in. = 25.4 mm)
applications. However, upon further loading, the surface heave became more and more apparent.
The GPR scan and excavated trench sections showed clearly defined subgrade deformation under
the wheel path. Moreover, the surface heave was a reflection of subgrade movement. This
phenomenon was magnified in Section 3 (152-mm thick aggregate layer) as shown in Figure 8.27.
Close examination of GPR scans and excavated trenches for the three test sections identified
the different modes contributing to failure. Section 1 performed the best without undergoing
shear failure even after 478 load applications. The rutting in Section 1 was probably from
subgrade deformations that could not be visually identified from the excavated trench sections.
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Figure 8.27: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 152-mm
Thick Aggregate Section in Cell 5 (1 in. = 25.4 mm)
The subgrade rutting pattern became clearly evident as the aggregate layer thickness decreased,
and no significant shear movement within the aggregate layer was observed. For Sections 2 and 3,
rapid heaving of the aggregate surface was observed after 100 load applications. The
improvement in pavement performance achieved from better subgrade support is clearly evident
from the performance of this test cell.
8.6.2 Performance under Flooded Conditions
Figure 8.28 shows the development of rutting in the three test sections of Cell 5 under flooded
conditions. The test section performances under flooded conditions clearly showed the effect of
excessive moisture on pavement performance, particularly for thin aggregate layers. Section 3
(152-mm thick aggregate layer) showed rapid permanent deformation accumulation and
developed significant surface heave after 125 load applications. Test section performance was by
far better for the thick aggregate sections, with Section 1 (254-mm thick aggregate layer)
sustaining 216 load applications with much less rutting accumulated.
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Figure 8.28: Rut Developments in Crushed Limestone Sections in Cell 5 due to Unidirectional
ATLAS Loading under Flooded Conditions (1 in. = 25.4 mm)
Examination of transverse trench sections revealed subgrade deformation to be the primary
mechanism contributing failure of the test sections under flooded conditions. Figure 8.29 shows
the deformed layer boundaries for the aggregate surface as well as the aggregate-subgrade
interface after testing under flooded conditions. As seen from the excavated trench sections,
flooding of Cell 5 reduced the subgrade strength, and therefore the pavement sections failed at
lower number of load applications as compared to the unflooded conditions. However, the modes
of failure for the three aggregate sections were similar to those under near-optimum aggregate
moisture conditions. Section 1 (254-mm thick aggregate layer) did not show any significant heave
development adjacent to the wheel path, whereas progressively worse heaving was observed for
Sections 2 and 3 (203-mm and 152-mm thick aggregate layers respectively). The worst surface
heave was observed for Section 3, which can be attributed to the high subgrade stress levels
underneath the 152-mm (6-in.) thick aggregate layer in Section 3. The high stresses applied on
the weak subgrade (subgrade strength significantly reduced due to flooding) resulted in shear
failure accompanied by surface heave development.
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Figure 8.29: Excavated Trench Photos Showing Surface and Base-Subgrade Interface
Deformations in Test Sections (a) 1, (b) 2, and (c) 3 of Cell 5 due to Loading under Flooded
Conditions
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8.7 Cell 3: Crushed Dolomite with High Amounts of Nonplastic Fines
The effect of high amounts of nonplastic fines on the performance of a crushed dolomite material
was evaluated through accelerated testing of unsurfaced pavement sections under near-optimum
and flooded aggregate moisture conditions. As already mentioned, testing of this cell was
conducted in May 2011 after the test cell experienced winter freeze-thaw cycles. Testing took
place approximately six weeks after the last freeze-thaw cycle to allow sufficient time for
dissipation of any excessive moisture accumulation during the spring-thaw season.
The first task before loading of the test cell was to assess the existing conditions of the
subgrade and aggregate layers. Accordingly, DCP testing was conducted at six different locations
(two locations per test section) to determine the in-place CBR profiles in the top engineered
subgrade and aggregate layers. Figure 8.30 shows the in-place CBR profile along the North wheel
path of Section 1 (356-mm thick aggregate layer).
Figure 8.30: Cell 3 CBR Profiles with Depth along the North Wheel Path of the 356-mm Thick
Aggregate Layer in Section 1 (1 in. = 25.4 mm)
As shown in Figure 8.30, the subgrade CBR values were consistently close to the as-constructed
value (target CBR = 3%) throughout the depth (305 mm) of the engineered subgrade layer. DCP
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results from the other five locations showed very similar results and are presented in Appendix D.
No change in engineered subgrade CBR values due to the winter freeze-thaw cycles was therefore
observed, which was primarily attributed to adequate removal of excessive moisture by the
installed transverse and longitudinal drainage systems.
The effect of winter freeze-thaw cycles on the constructed aggregate layer was evaluated
through comparison of field modulus values for the three sections measured before and after the
freeze-thaw cycles using the GeoGauge
TM
. As shown in Figure 8.31, the aggregate layer moduli
for all three test sections after the freeze-thaw cycles were significantly higher (up to 225% ),
when compared to the “as-constructed” values. This indicated significant strength gain by the
crushed dolomite material after the winter.
Figure 8.31: Comparison of Aggregate Layer Modulus Values before and after Freeze-Thaw Cycles
One plausible mechanism contributing to the strength gain within the crushed dolomite layer
could be: “carbonate cementation” within the fines fraction [138]. Significant strength gain in
high carbonate base course materials upon soaking has been reported in literature due to
“cementation” of the fines fraction through dissolution and precipitation of Calcium Carbonate
216
(CaCO3) according to Equation 8.1 [138, 139].
CO2 +H2O + CaCO3 = Ca
2+ +H+ +HCO−3 + CO
2−
3 (8.1)
To further investigate the hypothesis regarding strength gain by the crushed dolomite material
with high fines upon extended periods of soaking and exposure to freeze-thaw cycles, unconfined
compressive strength (ASTM D 2166) tests were conducted on the aggregate fines (material finer
than 0.075 mm, or passing No. 200 sieve). Two identical cylindrical specimens, 71 mm in
diameter and 142 mm in height, were prepared at a target moisture content of 14%. Note that
the target moisture content of 14% was selected through iterative trial-and-error approach to
arrive at the minimum moisture content where the compacted specimen exhibited “cohesive”
characteristics. One of the compacted specimens was immediately tested for the unconfined
compressive strength, whereas the other was exposed to 24 hours of freezing (-16◦ C) followed by
24 hours of thawing (16◦ C) as specified in ASTM D 6035. Care was taken to ensure that no
moisture was lost by the specimen during the freeze-thaw period. Figure 8.32 shows a picture of
the “conditioned” specimen tested for unconfined compressive strength.
Figure 8.32: Unconfined Compressive Strength Testing of Fines Fraction
Figure 8.33 compares the unconfined compressive strength (Qu) values for the two specimens
described above. As shown in the figure, subjecting the specimen to one freeze-thaw cycle
(24-hours of freezing followed by 24-hours of thawing) resulted in an increase in the unconfined
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compressive strength value from 224 kPa (32.5) psi to 581 kPa (84.2 psi). This preliminary
investigation supported the possibility of strength gain by the carbonate fines in the crushed
dolomite material upon exposure to extended periods of soaking and freeze-thaw cycles, possibly
due to the dissolution and precipitation of carbonates as illustrated in Equation 8.1. Further
investigation of this phenomenon is required to verify the mechanism responsible for such strength
gain. One possible approach may be to conduct X-Ray Diffraction (XRD) or Scanning Electron
Microscope (SEM) testing of the fines fraction after different periods of “conditioning” to identify
possible changes in the molecular structure. Such an investigation is beyond the scope of this
PhD research, and has been listed in Chapter 9 as a recommended topic for future research.
Figure 8.33: Effect of Freeze-Thaw Cycles on the Unconfined Compressive Strength of Carbonate
Fines
It also important to note that the moisture contents of the aggregate sections in Cell 3 after the
winter freeze-thaw cycles were consistently lower than the “as-constructed” values (see Figure
8.31). This loss of moisture in the crushed dolomite material with high fines might have led to
changes in the layer suction characteristics, resulting in higher strength and field-modulus values.
This hypothesis regarding lower moisture contents leading to higher shear strength was confirmed
by comparing the unsoaked CBR values of crushed dolomite specimens prepared in the laboratory
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with 12.4% nonplastic fines. Under optimum moisture conditions (ASTM D 698), the compacted
specimen had an unsoaked CBR value of 65%, whereas under dry of optimum (90% wopt)
moisture conditions, the unsoaked CBR value was increased to 90%. Similarly, a reduction in
permanent deformation accumulation was observed for the specimen tested at 90% of wopt. As
shown in Figure 8.34, a reduction in the moisture content by 0.7% led to a 33% reduction in the
permanent deformation accumulation. Moreover, testing the two specimens for resilient modulus
resulted in higher modulus values obtained under dry of optimum moisture conditions. These
laboratory test results supported the hypothesis of improved performance for the crushed
dolomite material with high amounts of nonplastic fines under reduced moisture contents.
Further investigation of the effect of freeze-thaw cycles on aggregate suction characteristics is
beyond the scope of this PhD research, and has been listed in Chapter 9 as a recommended topic
for future research.
Figure 8.34: Comparing the Effect of Moisture Conditions on the Permanent Deformation
Accumulation in Crushed Dolomite Specimens with 12.4% Nonplastic Fines
8.7.1 Performance under Near-Optimum Moisture Conditions
Apparent strength gain (reflected by high field modulus values) by the crushed dolomite material
due to the freeze-thaw cycles was clearly reflected from performance of the test sections under
219
loading. Figure 8.35 shows the (a) GPR Scan, (b) Excavated Trench and (c) Surface Rut Profile
of the 356-mm thick crushed dolomite section (Section 1) in Cell 3 upon testing at near-optimum
moisture conditions. The most important thing to notice from Figure 8.35 is the significantly
Figure 8.35: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 356-mm
Thick Crushed Dolomite Section in Cell 3 (1 in. = 25.4 mm)
higher number of load applications (700) this particular test section could sustain for
accumulating only 50-mm rutting. Moreover, even after 700 load applications no surface heave
was observed adjacent to the wheel path (see Figure 8.35c). This preliminary observation
indicated the absence of significant shear movement within the aggregate layer. The GPR scan
(see Figure 8.35a) and excavated trench section (see Figure 8.35b) both clearly indicate that
rutting of the test section was due to subgrade deformation only.
Figures Figure 8.36, and Figure 8.37 show the deformed profiles for Sections 2 and 3 (305-mm
and 203-mm thick aggregate layers), respectively. Sections 2 and 3 could sustain 400 and 175
load applications, respectively, before accumulating rut depths of approximately 100-mm. GPR
scans, and excavated trench sections clearly showed subgrade deformation to be the primary
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Figure 8.36: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 305-mm
Thick Crushed Dolomite Section in Cell 3 (1 in. = 25.4 mm)
mechanism responsible for failure of the test sections. As the aggregate layer thickness decreased,
the subgrade was subjected to significantly higher stress levels, ultimately leading to shear failure.
From the excavated trench sections (see Figures 8.36b and 8.37b) the aggregate layer clearly
deformed as a “flexible mat” and observed surface heaves were merely reflections of subgrade
movement.
Testing of Cell 3 at near-optimum conditions, showed that the performance of this test cell was
significantly better than the other cells possibly due to carbonate-cementation within the fines
fraction. Another mechanism that possibly contributed to “stiffening” of the aggregate layer was:
increased suction potentials. The winter freeze-thaw cycles could have resulted in the formation
of new interconnected voids within the aggregate layer, leading to increased suction potentials.
Note that the aggregate layer moisture contents after the freeze-thaw cycles were less than the
as-constructed conditions (see Figure 8.31), and support the plausible mechanism of improved
suction potential. No significant shear movement within the aggregate layer was observed, and
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Figure 8.37: (a) GPR Scan, (b) Excavated Trench, and (c) Surface Rut Profile of the 203-mm
Thick Crushed Dolomite Section in Cell 3 (1 in. = 25.4 mm)
subgrade rutting was the primary mechanism contributing to pavement failure.
8.7.2 Performance under Flooded Conditions
Subsequent to testing at near-optimum conditions, effect of excess moisture on performance of the
crushed dolomite material with high fines was studied through accelerated pavement testing
under flooded conditions. Figure 8.38 shows the development of rutting in the three test sections
of Cell 3 under flooded conditions. As shown in the figure, no significant rutting was observed in
the test sections up to 10 load applications. However upon further loading, the rutting in the
sections became more apparent, with the 203-mm thick aggregate layer in Section 3 accumulating
the most rutting. An important observation can be made regarding the “square” nature of the
rut formations shown in Figure 8.38. Carbonate cementation of the fines fraction resulted in
performance of the aggregate layer almost like a stiff bound layer showing punching failure due to
penetration into the subgrade that was significantly weakened by flooding.
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Figure 8.38: Rut Developments in Crushed Dolomite Sections in Cell 3 due to Unidirectional
ATLAS Loading under Flooded Conditions (1 in. = 25.4 mm)
Figure 8.39 shows deformed layer boundaries as obtained from excavated transverse trenches in
the three sections. Subgrade deformation and movement at the aggregate-subgrade interface
became more apparent with decrease in the aggregate layer thickness. As observed in the case of
other test cells, flooding of the test sections led to weakening of the subgrade, which failed by
undergoing excessive deformation.
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Figure 8.39: Excavated Trench Photos Showing Surface and Base-Subgrade Interface
Deformations in Test Sections (a) 1, (b) 2, and (c) 3 due to Loading of Cell 3 under Flooded
Conditions
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8.8 Summary of Observations from Accelerated Testing of Full-Scale
Unsurfaced Pavement Sections
This section summarizes the important observations from accelerated testing of the five
unsurfaced pavement test cells constructed using different combinations of aggregate physical
properties and subgrade conditions. Significant differences in aggregate qualities led to different
mechanisms of rut-accumulation in the unsurfaced pavement sections under accelerated loading.
For example, the uncrushed gravel in Cell 1 showed excessive shear movement within the
aggregate layer, whereas the crushed aggregate sections in Cells 3, 4, and 5 failed primarily due to
subgrade rutting. Table 8.2 lists the maximum rut depths (measured at the center of the wheel
path) for all the test sections under near-optimum and flooded conditions after 1, 10, and 100
load applications to summarize the effects of aggregate material type and quality, as well as
subgrade conditions on the performances of full-scale test sections.
Table 8.2: Maximum Rut Depths in the Full-Scale Unsurfaced Pavement Test Sections after 1, 10,
and 100 Applications of Unidirectional ATLAS Loading
Cell
Aggregate Rut Depth (mm)







(mm) Optimum Optimum Optimum
1
356 16.8 7.8 39.4 35.4 N/A N/A
305 7.4 14.4 22.1 50.6 66.2 N/A
203 6.2 10.0 10.2 40.7 19.9 N/A
2
356 14.0 8.9 38.0 30.5 N/A N/A
305 11.7 9.3 30.8 29.7 92.6 N/A
203 8.1 1.3 6.5 13.4 21.8 N/A
3
356 11.7 14.4 15.7 20.7 30.3 62.8
305 8.3 11.8 16.0 18.8 55.6 80.6
203 6.9 6.5 10.8 19.1 99.1 107.6
4
356 -8.0* 15.6 36.7 47.0 85.7 163.6**
305 2.5 13.9 31.5 19.1 101.1 75.1**
203 10.9 9.9 32.9 26.2 81.6 91.1**
5
254 7.2 3.5 9.9 12.5 21.2 31.4
203 7.8 -0.3 13.2 7.2 32.9 30.4
152 2.8 5.5 13.9 13.7 25.1 58.6
* No clear rutting was observed. The negative value indicates surface heave
** Surface profile measured after 97 load applications
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As can be seen from Table 8.2, no consistent trend in the effects of material quality or moisture
conditions on measured rut depths was observed after the first load application (N = 1). This was
clearly evident from instances of higher rut depths under near-optimum aggregate moisture
conditions compared to flooded conditions. This discrepancy was probably a result of particle
rearrangement in the unbound aggregate surface layer under initial load applications. However,
the effects of material quality and moisture conditions on performance became gradually apparent
with an increase in the number of load applications. Note that due to internal shear movement of
the aggregate layer under near-optimum moisture conditions, the 356-mm thick sections (Section
1) in Cells 1 and 2 could not be tested to 100 load applications. Similarly under flooded
conditions, several test sections failed by accumulating rut amounts greater than 100 mm (4 in.)
Rut depths corresponding to such sections have been listed as ”N/A” in Table 8.2.
The crushed limestone material with low fines used in Cell 2 showed unstable matrix behavior
under standard compaction conditions, leading to internal shear failure of Section 1 (356-mm
thick aggregate layer) in Cell 2. However at higher relative compaction levels, the material
showed adequate performance, and no significant shear movement within the aggregate layer was
observed. Excessive subgrade deformation was the primary mechanism contributing to failure of
pavement sections under such conditions.
The 203-mm thick aggregate sections of Cells 1 and 2 yielded 10.2 mm and 6.5 mm permanent
deformations, respectively (see Table 8.2), after 10 load applications due to the much stronger
subgrade CBR values achieved during construction (for Cell 1), and better compaction of
aggregate layer (for Cell 2), respectively. Upon testing all sections to 100 load applications, the
measured ruts often exceeded 50 mm (2 in.) with certain sections accumulating nearly 4-in.
rutting. Therefore depending on the threshold rut-depth used to define pavement “failure”, the
test section “failed” after different number of load applications. However upon careful analyses of
aggregate and subgrade layer construction conditions, as well as taking into account the
laboratory aggregate test results, effects of different aggregate physical properties on construction
platform performance could still be identified.
The effect of stronger subgrade conditions on unsurfaced pavement performance was clearly
evident from the significantly higher number of load applications sustained by Cell 5 before
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failure. For example, all three test sections in Cell 5 (target subgrade CBR = 6%) consistently
accumulated lower rut amounts when compared to the other test cells after 100 load applications.
This was a clear indication of improved performance due to better subgrade conditions. A
comparison of the aggregate layer compaction information presented in Table 6.5 indicated that
the test sections in Cells 2 and 5 (both constructed using material No. 2) were compacted to
similar densities. However, the better subgrade conditions in Cell 5 (CBR = 6% compared to
CBR = 3% for Cell 2) provided stronger “platforms” for compaction of the aggregate layers,
which ultimately resulted in lower rut depths. Note that unlike the 356-mm thick aggregate layer
in Cell 2, none of the layers in Cell 5 showed internal shear movement. For the same aggregate
material type, stronger subgrade conditions consistently resulted in significantly improved test
section performances. This could clearly be established by comparing the maximum rut depths
for the test sections in Cells 2 (subgrade CBR = 3%) and 5 (subgrade IBV = 6%). For the
stronger subgrade conditions in Cell 5, lower rut depths were observed even for sections with
reduced aggregate layer thicknesses when compared to Cell 2.
Test Cell 3, constructed using a crushed dolomite material with high amounts of nonplastic
fines was subjected to several over the winter effects i.e. freeze-thaw cycles which resulted in
significant strength gain. Such strength gain was attributed to carbonate cementation of the fines
fraction and improved suction characteristics due to the freeze-thaw cycles. The improved
strength and modulus characteristics were apparent from the change in aggregate layer moduli
measured using a GeoGauge
TM
before and after the freeze-thaw cycles (aggregate moduli increased
by up to 225%), as well as by comparing the shear strength and permanent deformation behavior
of similar aggregate specimens prepared in the laboratory at different moisture contents. The
resulting stiffer aggregate layers sustained much higher number of load applications without
undergoing significant rutting.
Test section failures under flooded conditions were primarily due to excessive shear movements
observed in the subgrade layer. Ingress of moisture upon flooding significantly reduced the
subgrade strength for all the test cells and ultimately caused more rapid subgrade deformations
due to the applied unidirectional ATLAS loading.
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8.9 Finite Element Analyses of Constructed Full-Scale Test Sections
Finite element analyses of the constructed full-scale test sections were conducted to identify the
subgrade rutting potentials corresponding to the different aggregate material types and subgrade
conditions. The finite element mesh shown in Figure 6.7 was used for this purpose. Subgrade
properties for the individual test cells were assigned based on previous laboratory test results for
the subgrade soil at the University of Illinois ATREL facility. Accordingly, the subgrade layer for
Cells 1 through 4 (target CBR = 3%) was modeled using a constant modulus value of 31 MPa
(4.5 ksi) and an unconfined compressive strength (Qu) value of 158 kPa (23 psi). On the other
hand, the subgrade for Cell 5 (target CBR = 6%) was assigned a constant modulus value of 62
MPa (9 ksi) and an unconfined compressive strength (Qu) of 269 kPa (39 psi). To primarily focus
on the effectiveness of different aggregate types in dissipating traffic-induced stresses and thus
protecting the subgrade from excessive rutting, the test sections were modeled as an isotropic
stress-dependent unbound aggregate layer placed over a subgrade of constant modulus. Resilient
modulus model parameters for the aggregate layers were determined from laboratory testing of
the four aggregate materials used for constructing the test sections. As in Section 6.4, the vertical
compressive stresses at the subgrade interface were computed, and the corresponding Subgrade
Stress Ratio (SSR) values were calculated as indicators of the subgrade rutting potential. Table
8.3 lists the subgrade vertical stress and the corresponding SSR values for the different
constructed full-scale test sections.
Table 8.3: Subgrade Vertical Stress and Subgrade Stress Ratio (SSR) Values for Individual
Full-Scale Test Sections from GT-PAVE Analyses
Cell Subgrade Subgrade Subgrade Subgrade Vertical Stress (kPa) / SSR
Number CBR (%) Qu (kPa) Modulus (MPa) Section 1 Section 2 Section 3
1
3 158 31
113.1 / 0.71 131.0 / 0.83 207.5 / 1.31
2 98.6 / 0.62 111.0 / 0.70 154.4 / 0.97
3 89.6 / 0.57 105.5 / 0.67 183.4 / 1.16
4 82.7 / 0.52 96.5 / 0.61 164.8 / 1.04
5 6 269 62 174.4 / 0.65 206.8 / 0.77 266.8 / 0.99
From Table 8.3, the SSR values for Sections 1 and 2 were in the acceptable range (∼0.6-0.7) for
all five test cells, whereas the SSR values for Section 3 often exceeded unity (>1.0) representing
subgrade shear failure. Therefore based on the principle of subgrade protection, only Section 3
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(thinnest aggregate cover) of each test cell should have undergone significant rutting, with all the
other test sections performing adequately for at least 500 load applications [43]. However as
discussed in the preceding sections, most of the test sections failed by accumulating
approximately 100-mm rutting after significantly lower number of load applications. This was
primarily a result of different mechanisms contributing to failure of the test sections depending on
the aggregate material quality and subgrade conditions. Note that due to differences in achieved
compaction levels of the constructed aggregate layers and other field variabilities, performances of
the test sections were often different from those predicted from the GT-PAVE analyses. For
example, due to better laboratory-measured resilient modulus values for the crushed limestone
material used in Cell 4 compared to the crushed dolomite material used in Cell 3, the predicted
subgrade stress levels corresponding to Cell 3 were consistently higher than those for Cell 4.
However as reported in this chapter, the test sections in Cell 3 performed significantly better than
those in Cell 4 due to apparent strength gain by the crushed dolomite material with high fines
upon exposure to the freeze-thaw cycles. This emphasized the difficulty associated with getting
consistent results from modeling and accelerated testing of full-scale pavement sections. This
difficulty becomes even more magnified for unsurfaced pavements due to inherent variabilities
associated with the compaction levels, and construction conditions of the unbound aggregate
layers. Although finite element analyses of the full-scale test sections presented reasonable
indications regarding the subgrade rutting potentials associated with individual test sections, it
did not present any indications regarding different mechanisms possibly contributing towards
failure of the pavement sections. It is important to note that commonly used pavement analysis
programs often consider only the recoverable (elastic) components of pavement layer
deformations. As unsurfaced pavement performance under loading often involves large
deformations representing plastic material flow, modeling such pavement systems using “plasticity
theory” may give better indications regarding shear flow within the aggregate layers. Such
advanced modeling of unsurfaced pavement systems is beyond the scope of this PhD research.
8.10 Discussions and Recommendations
Based on results from laboratory testing of aggregates as well as accelerated testing of full-scale
unsurfaced pavement sections, several recommendations are presented in this section regarding
the material selection and construction practices for unsurfaced pavements. Due to different
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mechanisms as well as factors contributing to the high permanent deformation accumulations in
the test sections, merely increasing/decreasing or adjusting the aggregate cover layer thicknesses
to account for aggregate material quality may not be the most efficient approach to ensure
adequate performance of unsurfaced pavements. For example, an uncrushed gravel material with
high amounts of fines will not perform satisfactorily in the field even though its layer thickness is
increased. This is because such poor quality aggregate cover material will tend to internally fail
due to low shear resistance and a much thicker layer of this failing material will not prevent
excessive rut accumulation observed on the surface. Similarly, wet of optimum construction
conditions are expected to produce excessive permanent deformations. Accordingly, thicker gravel
layer constructed in wet (or flooded) conditions will not necessarily outperform a 356-mm (14-in.)
thick gravel layer with high amounts of fines. In fact, they will both fail due to excessive internal
shear movement. In summary, merely adjusting the constructed aggregate layer thicknesses to
account for aggregate material quality may not represent the best approach for ensuring adequate
performance of unsurfaced pavements. Although the detrimental effects of some of the factors
studied in this research project on aggregate performance were clearly apparent from the
laboratory test results, not all hypotheses drawn from the laboratory testing could be verified
through accelerated pavement testing. Accordingly, based on the laboratory and field test results,
the current research study recommends the following guidelines for material selection and
construction practices to ensure adequate performance of unsurfaced pavements.
8.10.1 Aggregate Type
Both laboratory as well as field test results indicated aggregate angularity to be the most
important factor governing aggregate layer behavior. Therefore, the current research findings
warrant caution on the use of uncrushed gravel (irrespective of the fines content) for unsurfaced
pavement applications. Although the current research study evaluated the performance of an
uncrushed gravel material with high amounts of nonplastic fines, Heckel [140] studied the
performance of an uncrushed gravel material with moderate amounts (∼ 7%) of plastic fines.
From monitoring the performance of several test sections under controlled loading, he reported
significantly poor performance for the uncrushed gravel material compared to crushed aggregates
[140].
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The uncrushed gravel material tested in this research study (Cell 1) exhibited significant shear
movement within the aggregate layer. Therefore, subgrade deformation was not the primary
factor contributing to pavement failure under such conditions. Moreover, lack of adequate
compaction was not believed to be the reason behind inadequate performance of the uncrushed
gravel test sections. This was based on the observation that the uncrushed gravel material
accumulated significantly higher amounts of permanent deformation in the laboratory compared
to the crushed aggregates, even under modified (ASTM D 1557) compaction conditions. Heckel
[140] suggested the use of uncrushed gravel as a capping layer over large size aggregates (e.g.
primary crusher run). However, as the performance of uncrushed gravel in capping layer
applications was not evaluated during this PhD research, the current study does not have
sufficient information to validate/contradict the adequacy of uncrushed gravel layer performance
in such applications.
Both the laboratory and field test results from the two phases of this research project
highlighted the importance of fines content (material finer than 0.075 mm or passing No. 200
sieve) for ensuring stability of a crushed aggregate matrix. At very low fines contents (often
around 4%), the crushed aggregate particles tend to move with respect to each other, resulting in
a less stable matrix for higher permanent deformations that can ultimately lead to shear failure.
This was particularly evident for the crushed limestone with ∼ 5% fines used in Cells 2 and 5,
which showed unstable matrix behavior under standard compaction conditions. Although
improved test section performances were observed under higher relative compaction levels, it is
important to note that such high compaction levels may not be easy to achieve over weak
subgrade conditions. Therefore, careful attention should be paid to the minimum amount of fines
required in a crushed aggregate material for use in pavement applications. For example, current
Illinois Department of Transportation (IDOT) specifications prescribe fines contents between 4%
and 12% for aggregate materials satisfying a typical dense-graded aggregate (CA-6) specification.
However based on the laboratory and field test results, it is recommended that the minimum
amount of fines required for crushed aggregates be increased to 6% from the currently specified
value of 4%. As uncrushed aggregate matrices often comprise lower amount of voids compared to
crushed aggregates, stability of the aggregate matrix can potentially be achieved at lower fines
contents. Therefore, the current lower limit of 4% may be retained for uncrushed aggregate
materials. However note that due to inadequate performance of uncrushed gravel aggregates in
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the laboratory as well as in the field, the current research findings warrant caution on its use for
unsurfaced pavement applications.
8.10.2 Compactive Effort
The level of relative compaction or compactive effort was found to have a significant effect on the
performance of full-scale aggregate sections tested under accelerated loading. For example, a 3%
difference in the achieved relative compaction levels with respect to laboratory determined
maximum dry densities was found to have a significant effect on the failure mechanism of the test
sections in Cell 2. It is therefore recommended that all unsurfaced pavement sections be
compacted to at least 95% of the laboratory determined maximum dry densities under standard
compactive effort. Achieving adequate compaction levels is particularly important for crushed
aggregate materials with low amounts of fines. Due to insufficient packing of the voids by fines,
such aggregate types may exhibit unstable matrix behavior unless compacted to very high
densities. In cases where weak subgrade conditions limit aggregate compaction levels, discing, or
tilling of the subgrade layer should be performed to achieve uniform distribution of the subgrade
moisture.
8.10.3 Effect of Moisture Conditions
Although slight moisture increases beyond optimum moisture content were found to have a
significant effect on the performance of aggregate specimens in the laboratory (as discussed in
Chapters 4 and 5), field sections when tested under flooded (saturated) conditions primarily
failed from excessive subgrade deformations. This was attributed to the ingress of excessive
moisture into the subgrade leading to its significant weakening. In such cases, the aggregate layer
thickness played a secondary role as far as governing pavement performance was concerned.
Therefore, increasing the aggregate layer thickness may not be effective in ensuring adequate
performance under flooded conditions. As unsurfaced pavement performance under flooded
conditions is primarily governed by subgrade strength, changing the aggregate layer thickness by
2-3 inches will not necessarily ensure adequate performance. It is therefore recommended that
sufficient time be allowed for the aggregate layers to dry in the event of rain before subjecting the
unsurfaced pavement sections to traffic loading. However, as closing in-service low volume roads
to traffic may not be feasible, installation of subsurface drainage systems is strongly
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recommended to quickly remove excessive moisture from the aggregate and subgrade layers.
Moreover, controlling the moisture content of the aggregate layer during placement is also likely
to help especially for aggregate materials with high fines contents. Both laboratory and field
testing indicated that excessive moisture conditions had a more severe effect on aggregate
materials with high fines compared to those with low or moderate amount of fines.
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CHAPTER 9
CONCLUSIONS & RECOMMENDATIONS FOR FUTURE
RESEARCH
9.1 Research Framework
This thesis research evaluated the effects of different aggregate physical properties on the
response and performance of unsurfaced pavement systems through laboratory experimentation
and accelerated loading of full-scale test section. Extensive review of technical literature identified
the following physical properties (test factors) as critical in governing aggregate behavior in
pavement layers: particle shape, texture and angularity, fines content (material passing No. 200
sieve, or finer than 0.075 mm), type of fines (nonplastic or plastic based on the Plasticity Index
measured on material finer than 0.425 mm), and compaction (moisture-density) conditions.
Particle size distribution or gradation was used as the primary control parameter for comparing
individual effects of the test factors on aggregate behavior.
Three different aggregate types, namely crushed limestone, crushed dolomite and uncrushed
gravel, commonly used in the state of Illinois for pavement applications were selected for
laboratory experimentation and construction of the full-scale unsurfaced pavement test sections.
A factorial laboratory test matrix was developed by assigning different values to individual test
factors within pre-determined ranges. Aggregate behavior at different test factor combinations
was then studied through the following laboratory tests: standard compaction moisture-density,
unsoaked California Bearing Ratio (CBR), monotonic triaxial testing for rapid shear strength, and
repeated load triaxial testing for permanent deformation and directional modulus characteristics.
Important findings from laboratory characterization of the aggregates at different test factor
combinations served as the basis for material selection and thickness design of full-scale
unsurfaced pavement sections for accelerated testing. Five different test “cells” were constructed
at different combinations of aggregate quality and engineered subgrade strength, and were tested
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to failure using an Accelerated Transportation Loading Assembly (ATLAS) at near-optimum and
flooded aggregate moisture conditions. Test section performances under simulated traffic loading
were monitored through surface profile measurements after different number of load applications.
Earth pressure cells were installed on top of the subgrade at the aggregate-subgrade interface to
measure the vertical subgrade stress levels under loading and evaluate the effect of aggregate
material type and quality on subgrade rutting potential. Transverse scanning of the test sections
with Ground-Penetrating Radar (GPR) was also pursued to identify the development of
subsurface deformations and to differentiate between subgrade and aggregate rutting.
Subsequently, visual confirmation of layer interface deformations were obtained through
excavation of transverse trenches across the test sections. Non-destructive field modulus
measurements using light weight deflectometer (LWD) and Soil Stiffness Gauge (GeoGauge
TM
)
type devices were performed on the compacted subgrade as well as aggregate layers to identify
construction anomalies, and to evaluate the applicability these techniques for pavement
performance prediction based on material quality.
9.2 Summary of Findings
Significant findings from this research study are summarized below:
• Particle shape and angularity played the most important role in governing aggregate
behavior irrespective of other physical properties. Crushed aggregates showed consistently
higher shear strength, modulus, and lower susceptibility to permanent deformations when
compared to the uncrushed “river-run” gravel.
• An aggregate matrix comprising crushed particles exhibited higher tolerance to the amount
of fines and showed lower moisture sensitivity even at high fines contents. For nonplastic
fines, the variation in shear strength (CBR used as shear strength index) with moisture
content was erratic and did not indicate any significant trends at low fines contents.
However at higher fines contents, the effect of moisture was significant and caused a rapid
reduction in shear strength values. High moisture contents combined with high amounts of
plastic fines presented the worst combination and rapidly deteriorated aggregate matrix
conditions.
• The effect of fines type (nonplastic or plastic) was not significant for aggregate matrices
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comprising low amount of fines. However, as the amount of fines in a matrix was increased,
specimens with plastic fines clearly showed poor performance compared to those with
nonplastic fines.
• Individual effects of test factors were found to be significantly dependent on other test
factor levels. For example, the effect of moisture on aggregate behavior changed
significantly depending on the amount of fines in the aggregate matrix. Similarly, the type
of fines (plastic or nonplastic) affected aggregate behavior significantly only for materials
comprising high amounts of fines. Therefore, aggregate specifications currently used by
transportation agencies need to be modified to consider the effect of the fines plasticity and
set different threshold limits for nonplastic and plastic fines as far as maximum allowable
fines content in an aggregate matrix is concerned.
• Permanent deformation test results clearly identified the importance of fines in an aggregate
matrix. Crushed aggregate specimens with low fines contents (around 4%) showed unstable
behavior compared to the ones with moderate amount (around 8%) of fines. This behavior
was attributed to the higher amounts of voids in the aggregate matrix comprising crushed
particles. At low fines contents, the aggregate particles moved and reoriented with respect
to each other thus resulting in higher permanent deformations and lower resilient modulus
values. As the fines content increased to around 8%, a larger proportion of voids in the
aggregate matrix were filled by the fines and a “stable” matrix behavior was observed. The
uncrushed gravel matrix did not show any such stabilizing behavior due to the low amount
of voids in an aggregate matrix comprising uncrushed particles. Based on these findings,
different threshold values for the allowable fines content in an aggregate material were
proposed for crushed and uncrushed aggregates. The allowable fines content for crushed
aggregates should be set around 8%, whereas the value for uncrushed gravel should be
around 6%. It is also important to note that crushed aggregate matrices showed higher
tolerance to variations in fines content compared to uncrushed ones.
• Slight variations in test factor values did not reflect clearly on the resilient modulus
behavior of aggregates. For example, increasing the amount of fines by 4% did not result in
significant changes in aggregate modulus values. However, large variations induced in the
fines content (increase from 4% to 16%) was often reflected as a significant reduction in
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resilient modulus values. Crushed aggregates showed consistently higher modulus values
compared to uncrushed ones due to better particle to particle interlock.
• Anisotropic modulus ratios (defined as the ratio of horizontal to vertical resilient modulus
values) adequately identified significant differences in aggregate material quality.
Anisotropic modulus ratios for “good quality” materials typically showed increasing trends
with increasing deviator stress levels, and the horizontal moduli were consistently lower
than vertical moduli.
• Finite Element analyses of unsurfaced pavement sections highlighted the importance of
considering both the resilient modulus and permanent deformation characteristics of
aggregates together during material selection for satisfactory mechanistic response and
rutting performance in unsurfaced pavement applications. Although the aggregate resilient
modulus values (and hence subgrade rutting potential) did not change significantly with
different aggregate physical property combinations, the permanent deformation trends
clearly captured the effects of aggregate material quality. This is particularly important for
unsurfaced pavement applications, as a thick layer of “poor” quality material may undergo
internal shear failure.
• Effects of individual aggregate physical properties on resilient modulus and permanent
deformation model parameters were evaluated through statistical Analyses of Variance
(ANOVA). Although the results showed varying levels of influence of individual aggregate
physical properties on modulus and permanent deformation model parameters, aggregates
with a stable matrix, i.e. not all the voids filled with fines, demonstrated improved behavior
in terms of both resilient modulus and permanent deformation trends.
• Field modulus measurements using LWD and GeoGaugeTMsuccessfully identified anomalies
in construction conditions, i.e. increasing or decreasing trends in subgrade strength,
aggregate compaction levels, etc. However, direct comparison of the modulus values
reported by the two devices did not yield any definitive conclusions. GeoGauge
TM
measured
modulus values showed in general a decreasing trend with increasing moisture contents.
However, the effects of dry density and material quality, associated with aggregate type and
properties, were not reflected from the field modulus values. In that sense, the field modulus
values could not be associated with the laboratory-measured modulus properties, which
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properly captured not only stress dependencies but also the effects of aggregate angularity
and fines content.
• Significant differences in aggregate qualities led to different mechanisms of rut-accumulation
in the unsurfaced pavement sections under accelerated pavement testing. Uncrushed gravel
layers in Cell 1 showed excessive internal shear movement, whereas the crushed aggregate
sections in Cells 3, 4, and 5 failed primarily due to subgrade rutting. The crushed limestone
material with low fines used in Cells 2 and 5 showed unstable matrix behavior under
standard compaction conditions. The resulting particle reorientation led to internal shear
failure of the 356-mm aggregate layer in Cell 2. However, at higher relative compaction
levels, the material showed adequate performance, and no significant shear movement
within the aggregate layer was observed.
• Earth pressure cells installed on top of the subgrade at the aggregate-subgrade interface
helped identify different mechanisms contributing towards failure of the test sections under
loading. Out of a total of 10 earth pressure cells installed in the full-scale test sections, only
four survived the construction process, and successfully recorded the traffic-induced vertical
stress levels on top of the subgrade. Field-measured subgrade stress levels in Section 2 of
Cell 1 indicated significant movement of the uncrushed gravel aggregate layer. This was
clearly evident from the consistent increase in measured subgrade stress levels with number
of load applications. Higher compaction levels and stronger subgrade conditions (primarily
due to nonuniform moisture distribution during subgrade preparation) in Section 3 of Cell 1
resulted in no significant material movement reflected by no apparent increase in the
measured subgrade vertical stress levels with number of load applications. Similarly for the
crushed limestone material with low amounts of fines Cell 2, field-measured subgrade stress
values highlighted the importance of adequate compaction to achieve better stress
dissipation with depth.
• Finite element analyses of the uncrushed gravel test sections in Cell 1 indicated the
importance of considering compaction and stress-induced cross-anisotropy in unbound
aggregate layers; close agreement between the predicted and field-measured subgrade
vertical stress levels was achieved upon consideration of the stress-dependent nature of
subgrade modulus as well as cross-anisotropy of the aggregate layer.
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• The effect of stronger subgrade conditions on unsurfaced pavement performance was clearly
evident from the significantly higher number of load applications sustained by Cell 5, which
was constructed over an engineered subgrade with CBR of 6%. Although constructed using
the same aggregate material as Cell 2, the aggregate sections in Cell 5 did not exhibit
significant shear movement due to better confinement provided by the stronger subgrade
conditions.
• Cell 3, constructed using a crushed dolomite material with high amounts of nonplastic fines,
was subjected to several freeze-thaw cycles during the winter, and demonstrated significant
strength gain possibly due to the combined action of carbonate cementation of fines as well
as suction effects at lower moisture contents. This strength gain resulted in significantly
higher number of load applications that this particular test cell could sustain without
undergoing shear failure. Transverse trench sections excavated across the wheel paths
showed a basin-shaped subgrade deformed profile, which is characteristic of subgrade
deflections under bound pavement layers. Significant increase in the aggregate layer stiffness
probably due to the combined action of carbonate cementation and suction effects were
clearly reflected from the field moduli measured using GeoGauge
TM
after the freeze-thaw
cycles (aggregate moduli increased by up to 225%).
• An innovative application of the nondestructive Ground-Penetrating Radar (GPR)
technology was established for assessing subsurface deformations and distinguishing between
the different rut mechanisms contributing to unsurfaced pavement failure. A thin aluminum
strip foil was placed at the aggregate-subgrade interface to serve as a pure reflector of GPR
waves and identify the layer boundaries. Comparison of GPR scans and excavated trench
sections for the rutting mechanisms and failure patterns of the full-scale unsurfaced
pavement test sections proved the effectiveness of transverse GPR scanning for monitoring
rut accumulations in unsurfaced pavement structures.
• Failure of the test sections under flooded conditions was primarily due to excessive shear
movement of the subgrade layer. Ingress of additional moisture upon flooding significantly
reduced the subgrade strength for all the test cells, which ultimately failed the weaker
subgrade under the ATLAS traffic loading.
• As different mechanisms contributed to failure of the unsurfaced pavement test sections
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depending on aggregate material type and quality as well as subgrade conditions, changing
the constructed aggregate layer thickness to account for variations in aggregate material
quality was not the best approach to ensure adequate pavement performance. Accordingly
based on the laboratory and field-test results, several guidelines were presented for material
selection and construction practices to facilitate the design and construction of better
performing unsurfaced pavements and construction platforms.
9.3 Recommendations for Future Research
Based on findings from the current research study, the following recommendations are made for
future research activities:
• Evaluate the effects of aggregate physical properties on permanent deformation behavior
using the shakedown theory through laboratory testing at different stress ratios (defined as
the ratio of applied stress to material shear strength). Such test results can be used to
identify threshold values for aggregate properties corresponding to response in shakedown
ranges A, B, and C [15].
• Use laboratory permanent deformation tests conducted at different stress states to develop
transfer functions for relating laboratory and field rut development.
• Use of GPR scanning for quantitative estimation of aggregate and subgrade layer
deformations in unsurfaced pavements using the “extended common mid-point method”
[136].
• Backcalculation of aggregate and subgrade layer moduli from light weight deflectometer
(LWD) data collected with a three-sensor configuration; and develop correction factors to
predict field moduli from laboratory resilient modulus test results for different aggregate
types.
• Use the field rutting data along with aggregate and subgrade strength parameters to
evaluate the adequacy of bearing-capacity based design methods for unsurfaced pavement
structures constructed with different aggregate types.
• Investigate carbonate cementation as a means of dissolution and precipitation effects in
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crushed limestone and dolomite materials with high fines, and quantify the resulting
increase in strength and modulus characteristics.
• Investigate the changes in suction potentials of crushed limestone and dolomite materials at
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APPENDIX A
PARTICLE SIZE DISTRIBUTION OF AGGREGATES TESTED
IN THE LABORATORY
Figure A.1: As-Received Gradation of Crushed Dolomite tested in the Laboratory
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Figure A.2: As-Received Gradation of Crushed Limestone tested in the Laboratory
Figure A.3: As-Received Gradation of Uncrushed Gravel tested in the Laboratory
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APPENDIX B
CHARACTERIZATION OF AGGREGATES USED IN FIELD
SECTIONS
Figure B.1: Particle Size Distribution of the Four Aggregate Materials used in Construction of
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Univ IL [CMM-JADE|jadeuser][Xpert2 Point Focus]<f:\XRD Deb\Cell 4> Friday, August 12, 2011 03:11p (MDI/JADE9)Figure B.5: X-Ray Diffraction (XRD) Results for the Crushed Limestone Aggregate Material
(Material No. 4)
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Figure B.6: Moisture-Density and Unsoaked CBR for Uncrushed Gravel with High Amounts of
Nonplastic Fines-Standard Compactive Effort (1 pcf = 0.157 kN/m3)
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Figure B.7: Moisture-Density and Unsoaked CBR for Crushed Limestone with Low Amounts of
Plastic Fines-Standard Compactive Effort (1 pcf = 0.157 kN/m3)
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Figure B.8: Moisture-Density and Unsoaked CBR for Crushed Dolomite with High Amounts of
Nonplastic Fines-Standard Compactive Effort (1 pcf = 0.157 kN/m3)
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Figure B.9: Moisture-Density and Unsoaked CBR for Crushed Limestone with High Amounts of
Nonplastic Fines-Standard Compactive Effort (1 pcf = 0.157 kN/m3)
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Figure B.10: Moisture-Density and Unsoaked CBR for Uncrushed Gravel with High Amounts of
Nonplastic Fines-Modified Compactive Effort (1 pcf = 0.157 kN/m3)
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Figure B.11: Moisture-Density and Unsoaked CBR for Crushed Limestone with Low Amounts of
Plastic Fines-Modified Compactive Effort (1 pcf = 0.157 kN/m3)
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Figure B.12: Moisture-Density and Unsoaked CBR for Crushed Dolomite with High Amounts of
Nonplastic Fines-Modified Compactive Effort (1 pcf = 0.157 kN/m3)
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Figure B.13: Moisture-Density and Unsoaked CBR for Crushed Limestone with High Amounts of
Nonplastic Fines-Modified Compactive Effort (1 pcf = 0.157 kN/m3)
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APPENDIX C
LIGHT WEIGHT DEFLECTOMETER SPECIFICATIONS
1. Loading
• Loading Plate Diameter: 150 mm (5.9 in) and 300 mm (11.8 in)
• Drop Weight Mass: 10 kg (22 lb)
• Loading Type: Essentially Half Sine
• Pulse Duration: 15-30 ms
2. Load Cell
• Range: 0-25.0 kN (0-5,500 lbf)
• Accuracy: 2% ± 2 kPa (2.25 lbf)
• Precision: 0.0003 kN (0.067 lbf)
3. Deflection Sensors
• Type of sensor: Velocity Transducer (Geophone)
• Number: 1 central sensor with 2 offset sensors
• Range: 0-2200 µm (0-87 mil) (preferrably 500 µm - 1500 µm)
• Sampling Frequency: 4000 Hz on each sensor
• Sampling Period: 60-120 ms (set by user)
• Accuracy: 2% ±2µm (0.08 mil)
• Precision: 0.1 µm
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APPENDIX D
INVESTIGATION OF FREEZE-THAW EFFECT WITH DCP
Figure D.1: CBR Profile with Depth for Section 1-South
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Figure D.2: CBR Profile with Depth for Section 2-North
Figure D.3: CBR Profile with Depth for Section 2-South
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Figure D.4: CBR Profile with Depth for Section 3-North
Figure D.5: CBR Profile with Depth for Section 3-South
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